J | | © ¢

A=Ck-T72880) EVALUATLON OF RANGL AND 2+2731¢ ‘
- Y . N72-27318
CRTION TOLERANCE FOR HIGH MACH NUMBER 1 5 /f
SONIC ¥AN STAGES. TASK 2: PLLFORWANCE j .
~Ke Bilwakesh, et al (Genercal Unclas ; o
JNASA CR-72880

“tric Co.) Jun. 1972 224 p CSCL 21E G3/28 34066
. ’ R71AEG195

Final Report on Task II: Performance of a 1500-Foot-Per-Second Tip Speed
Transonic Fan Stage with Variable Geometry Inlet Guide Vanes and Stator.

~ EVALUATION OF RANGE AND DISTORTION 7TOLERANCE
- FOR HIGH MACH NUMBER TRANSONIC FAN STAGES

By

K.R. Bilwakesh, C,C. XKoch, and D,C, Prince

GENERAL ELECTRIC COMPANY
Aircraft Engine Group
Cincinnati, Ohio 45215

Prepared For

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

June 1972

NASA-Lewis Research Center
Contract NAS3-~11157
Charles H. Voit, Project Manager




1. Report No. 2, Government Accession Nao. 3, Recipient’s Catalog No,
NASA CR 72880

4.-Title and Subtitle "Evaluation-of Range and Distortion Tolerance for 5, Report Date
High Mach Number Transonic Fan Stages,' Final Report on Task IL:- September 1971
Performance of a 1500 feet per second Tip speed Transonic fan 6. Performing Organization Code

stage with variable Geometry Inlet Guide Vanes and-Stator,

~

Author(s) 8. Performing Organization Report No. A

K.R, Bilwakesh, C.C. Koch and D,C, Prince

10. Work W 't No.

9. Performing Organization Name and Address GE R71-AEG195
General Electric Company 11, Contracy or Grant No.
Aircraft Engine Group - 1
Cincinnati, Ohio 45215 NAS3-11157
13, Type of Report and Period Covered
12. Sporisoring Agency Name and Address Contractor Report 4
National Aeronautics and Space Administration -
Washington, D.C. 20546 14. Sponsoring Agency Code

15. Supplementary Notes

Project Manager, Charles H. Voit, Fluid Systems Component Division..——
NASA-Lewis Research Center |
Cleveland, Ohio 44135 4
16. Abstract

A .0,5 hub/tip radius ratio compressor stage consisting of a 1500 ft/sec tip speed rotor, a
variable camber inlet guide vane and a variable stagger stator was designed and tested with
undistorted inlet flow, flow with tip radial distortion.and flow with 90°, one-per-rev,
circumferential distortion. At the design speed and. design IGV and stator. setting the design
stage pressure ratio was achieved at a weight flow within 1% of the design flow. The rotor..
met its principal objective of achieving higher efficiencies at speeds above 1450 ft/sec

than those achieved by a 1400 ft/sec design tip speed rotor tested under the same contract.
Analytical results on rotor tip shock structure, deviation angle and part-span shroud losses
at different operating conditions are presented, The variable geometry blading enabled
efficient operation with adequate stall margin at the design condition and at 70% speed.
Closing the inlet guide vanes to 40° changed the speed-versus-weight flow relationship along
the stall line and thus provided the flexibility of operation at off-design conditions.

A stage-matching analysis shows that the variable geometry IGV's can be used effectively

to match a hypothetical second stage to the Task II Stage at off-design speeds with
undistorted inlet flow. Inlet flow distortion caused considerable losses in peak efficiency,
efficiency on a constant throttle line through design pressure ratio at design speed,

stall pressure ratio, and stall margin at the 0° IGV setting and high rotative speeds.

The use of the 40° inlet guide vane setting enabled partial recovery of the stall margin
over the standard constant throttle line,

Y Y, SR

[N 2o B

17. Key Words (Suggested by Author(s)) 18, Distribution Statement
Transonic Fan Unclassified - Unlimited
Distortion Tolerance
Compressor

Variable Camber Inlet Guide Vanes
Variable Stagger Stator

19. Security Classif. (of this report) 20. Security Classif. {of this page) 21, No. of Pages 22, Price®
Unclassified Unclassified 224 $3.00

* For sale by the National Technical Infcrmation Service, Springfield, Virginia 22151




{LCEDING PAGE BLANK NOT FILMED

0r
A 15

TABLE OF CONTENTS

Section Page
I SUMMARY . 1
11 INTRODUCTION 3
IIT APPARATUS AND PROCEDURE 5
1. Test Compressor Stage 5
< a. Inlet Guide Vane 5
‘ b. Rotor 5
C. Stator 6
2. Test Facility 6
3. Inlet Distortion Equipment 6
4. Instrumentation 7
5. Data Reduction 8
6....Test Procedure .. 8
v RESULTS AND DISCUSSION , 10
1. Analysis of Performance at Nominal Vane Schedule
with Undistorted Inlet Flow. 10
a. Evaluation of Rotor and Stage Aerodynamic . .
Design 10
b. Comparison of Efficiencies and Stall Aero- A
dynamic Loading of Task I Rotor and Task II
Rotor 16
c. Efficiency Loss Due to Part-Span Shroud 17 n
d. Comparison of Stator Performance with 1
Design Intent 18 \
2. Use of Variable Camber Blading for Off-Design . b
Operation with Undistorted Inlet Flow 19 -
a. Influence of Variable Camber Inlet Guide
Vanes on Rotor and Stage Performance 19
b. Use of Variable Geometry Blading for
Multistage Matching 20
c. Rotor Blade Element Work Coefficient-Flow .
Coefficient Correlation in Undistorted Inlet
Flow 21
d. Performance of the Variable Camber Inlet
Guide Vane 22
e. Correlation of Stator Loss Characteristics 23

PR _ S

iii




TABLE OF CONTENTS (Concluded)

Section ’ Page
3. Performance with Inlet Flow Radially Distorted. —

in the Tip Region 25

a. Overall Performance 25

b. Comparison of Stall Aerodynamic Loading in
Radially Distorted Inlet Flow with that in

Undistorted Inlet Flow 25
5 c. Influenrce of Variable Camber Inlet Guide

Vanes on Stage Performance with Tip

Radial Distortion 26

d. Transfer of Radial Distortion Between Stage
Inlet and Stage Exit with and without

IGV/Stator Closure 27
4, Performance in Flow with Circumferential Inlet
Distortion 28
a. Overall_Performance 28
b. Influence of Variable Camber Inlet Guide
Vanes on Stage Performance in Flow with
Circumferential Distortion .. 28.
Ca Transmission of Circumferential Distortion
through Stage 29
5. Comparison of Influences of Radial and. Circum-

ferential Distortions and Variable Geometry
Blading on Stage Peak Efficiency and Stall

‘Margin 21
\ CONCLUDING DISCUSSION 33 .
APPENDIX A - SYMBOLS . 37 ﬁ
REFERENCES 41
TABLES 43
FIGURES 57

iv

s e ¢yl gy L LIS T o e T




LIST OF TABLES
‘ Table Page
& I Summary of NASA Task II Stage Design Specifications. 43
II Inlet Guide Vane Design Parameters. b4
ITI Aerodynamic and Geometric Design Parameters on Design
Streamlines. 45
. a. Rotor 45
b. Stator 46
v Geometric Parameters on Rotor and Stator Blade Element
Sections. 47
\' Major Instrumentation List for Task II Stage Testing. 48
a. —Undistorted-Inlet Flow Tests.— . ... .. ... 48
b. Distortion Tests 49
VI ————.Rotor Tip Leading Edge Shock Studies. - 50..
Vi1 Stage Distortion Transfer Parameters in Flow with
Circumferential Inlet Distortion. 51
VIII Stage Response to Circumferentially Distorted Inlet Flow -
Qualitative Description. 52
IX Stage Response to Circumferentially Distorted Inlet Flow - .
Local Pressure Ratio. 53 \
X Operational Pressure Ratio Limits in Undistorted Flow. 54 )
I Summary of Key Stage Performance Parameters in Clean Inlet
and Distorted Inlet Flows., 55

!




I’RLCEDING PAGE BLANK NOT FILMED

LIST OF ILLUSTRATIONS

Figure Page
1. Views of Variable Camber Inlet Guide Vanes. 57
a, Photograph at 0° (Nominal) Setting Angle, 57
b. Photcgraph at 40° Setting Angle, 58
c. Pitchline Section at 0° and 30° Turning. 59
2. Photograph of Rotor. 60
3. Photographs of a Variable-Stagger Stator Vane. . 61
4, Tip-Radial Distortion Screen, 62
5. Circumferential Distortion Screen. 63
6. Meridional View Showing Location of Instrumentation. 64
7. . Development Showing Circumferential Location of
Instrumentation.. 65
8. ...Stage Performance Map for IGV/Stator Schedule 0°/0°, 66
9. Rotor Performance Maps for Task II Rotor at 0°/0° Vane
Schedule and.Task I Rotor; Undistorted Inlet Flow. 67
10. Radial Profiles of Rotor Total Temperature and Pressure
Ratios; 100% Speed, IGV/Stator Schedule G°/0°, Near
Design and Near Stall Conditions, Undistorted Inlet. 68 .
11, Radial Profile of Rotor Adiabatic Efficiency; 100% N
Speed, IGV/Stator Schedule 0°/0°, Near Design Condition ‘ )
(Reading 139), Undistorted Inlet. 69
12, Radial Profiles of Rotor Total Pressure Loss Coefficient,
100% Speed, IGV/Stator Schedule 0°/0°, Near Design and
Near Stall Conditions, Undistorted Inlet. 70
13. Task II Stage Performance Map with Inlet Guide Vanes at
Nominal Setting and Without Inlet Guide Vanes; Stator
at Nominal Setting. 71
14, Radial Profiles Rotor Diffusion Factor; 100% Speed,
IGV/Stator Schedule 0°/0°, Near Design and Near Stall
Conditions, Undistorted Inlet. 72 {
i
15, Radial Profile of Rotor Relative Doviation Angle; 100% \
Speed, IGV/Stator Schedule 0°/0°, Near Design ‘
Condition, Undistorted Inlet. 73
vii

- LTI T T T g T TV




f‘:' Figure
16.

17.
18.

19.

20,

21.

22.

23,

LIST OF ILLUSTRATIONS (Continued)

Radial Profile of Normalized Dynamic Pressure at. Rotor
Inlet Measurement Plane; 100%Z Speed, IGV/Stator Schedule
0°/0°,_Near Design Condition, Undistorted Inlet,

Radial Profile of Rotor Inlet Axial Velocity; 100% Speed,

IGV/Stator Schedule 0°/0°, Near Design Condition, Undis-
torted Inlet.

Radial Profile of Rotor Incidence Angle; 100% Speed, IGV/
Stator Schedule 0°/0°, Near Design Condition, Undistorted

Inlet.

Rotor Blade Tip Static Pressure Contours at 0°/0° IGV/
Stator-Schedule with-Undistorted_Inlet Flow.

a.__100% Speed, Open-Throttle, .
b. 100% Speed, Near Design.

¢.. 100% Speed, Near Stall.

d. 907% Speed, Open Throttle,
e.__. 90% Speed, Near Stall,

f. 110% Speed, Intermediate Flow.,
g. 110%Z Speed, Near Stall,.

Rotor Blade Shapes Showing Free Flow Streamlines and
Throat Locations.

a. . 0% Immersion from Tip.
b. 5% Immersion from Tip.
¢, 10% Immersion from Tip.
d. 30% Immersion from Tip,

Rotor Blade Element Data for IGV/Stator Schedule 0°/0°;
Undistorted Inlet_ Flow,

a. 5% Immersion from Tip..
b, 10% Immersion from Tip.
¢. 307 Immersion from Tip.
d. 50% Immersion from Tip.
e. 70% Immersion from Tip.
f. 90% Immersion from Tip.
g. 95% Immersion from Tip,

Rotor Cascade Starting Analysis (Based on Streamline at
10% Immersion from Tip).

Compressor Flowpath.

wviid

74

75

76

77 .

77
78
79
80
81

83

84

84
85
86
87

88

88
90

94
96
98
100
102

i03




Figure

24,

25.

26,

27.

ro
[

LIST OF ILLUSTRATIONS (Continued)

Comparisons Between Task IL Rotor at 0°/0° Vane.Schedule
and Task I Rotor; Undistorted Inlet Flow.

a, Peak Efficiency Versus Tip Speed.

b, Pressure Ratio at Stall and at Peak Efficiency
Versus Tip Speed.

¢. Weight Flow at Stall and. at Peak. Efficiency Versus
Tip. Speed.

Variation of Task I and Task II Rotor Diffusion Factors
with Throttle Valve Setting; 1007 Speed, Undistorted
Inlet Flow.

a. 5% Immersion from Tip.
. 10%Z Immersion from Tip.
30% Immersion. from Tip.
50% Immersion.from Tip.
70% Immersion from Tip.
« 90% Immersion from Tip._
g. 95% Immersion from Tip.

rho Qoo T

Variation of Task I and Task II Rotor. Static Pressure
Rise Coefficient with Throttle Valve._Setting, 100%
Speed, Undistorted Ialet Flow.

a. 5% Immersion from Tip.
b. 10% Immersion from Tip.
¢, 307 Immersion from Tip.
d. 507% Immersion from Tip.
e, 70% Immersion from Tip,
£f. 90% Immersion from Tip.
g. 95% Immersion from Tip.

Variation of Task I and II Work Coefficients with Throttle

Valve Setting; 100% Speed, Undistorted Inlet Flow.

a. 5% Immersion from Tip.

b. 10% Immersion from Tip.

¢.. 30% Iumersion from Tip.._

d., 50% Immersion from Tip.

e, 70% Immersion from Tip.

f. 90% Immersiom from Tip.
95% Immersion from Tip,

Comparison of Radial Profiles of Task I and Task II Rotor
Diffusion Factors at Stall; 100%Z Speed, Undistorted Inlet
Flow,

ix

\

o iy AR W " L T ; R e R e IR L
— o .

104
104
105

106

107

107
108
109
110
111
112
113

114 T
114

115

116 .
117 -

119
120

121

121
122
123
124
125
126
127 i

128




Figure
29,

30.

31,

32,

33,

34.

35.

36.

37.

LIST QF ILLUSTRATIONS (Continued)

Comparison of Radilal Profiles of Task I and Task II
Rotor Static PressureRise Coefficient at Stall;
100% Speed, Undistorted Inlet Flow,

Comparison of Radial Profiles of Task I and Task 1T
Rotor Work Coefficients at Stall; 100% Speed, Undis-
torted Inlet Flow,

Comparison of Radial Profiles of Rotor Adiabatic
Efficiency Obtained from Rotor Exit Detailed Traverses
and Stator Exit Fixed Insrrumentation at IGV/Stator
Schedule 0°/0°, Undistorted Inlet Flow.

a. 100% Speed, Near Design Flow.

b. 100% Speed, Near Stall.

c¢. 110% Speed, approximately on a constant throttle
line through design point.

Continuous Traverse Data at Rotor Exit Plane 1.51 for
Readings 147 (110% Design Speed, Approximately on a
Constant Throttle Line Through Design Point), 148 (100%
Design Speed, Near Design Point), and 149 (100% Design
Speed, Near Stall).

a. Radial Variation of Rotor Total Pressure Ratio.

b. Radial Variation of Rotor Total Temperature Ratio.

¢. Radial Variation of Absolute Air Angle at Rotor
Exit,

Radial Profile of Stator Incidence Angles at 0°/0°
IGV/Stator Schedule; 100% Speed, Near Design Condition,
Undistorted Inlet Flow.

Radial Profile of Stator Deviation Angle at 0°/0° IGV/
Stator Schedule; 1007 Speed, Near Design Condition,
Undistorted iInlet Flow,

Radial Profile of Stator Diffusion Factor at 0°/0°
IGV/Stator Schedule; 100% Speed, | 2ar Design Condition,
Undistorted Inlet Flow. .

Radial Profile of Stator Total Pressure Loss Coefficient
at 0°/0° IGV/Stator Schedule; 100% Speed, Near Design
Condition, Undistorted Inlet Flow.

Consolidated Task II Stage Performance Map for all
Three IGV/Stator Schedules; Undistorted Inlet Flow.

Pave

et Bl

129 ..

130

131

131
132

133

134

134
135

136

137

138

139



UL S omesiT oy

Figure
38(a).,

38(b).
39.
40.
41,

42(a).

42(b) .
43,
44.

45,

46,

b7 e

48,

LIST OF ILLUSTRATIONS (Continued)

Varlation of Task II Stage Peak Adiabatic Efficiency with
Rotor Speed and Vane Schedule; Undistorted Inlet Flow.

Variation of Stage Adiabatic Efficiency with Rotor Speed
and Vane Schedule at the CTL Condition, Undistorted Inlet
Flow,

Variation of Stage Inlet Corrected Weight Flow with Rotor
Speed and Vane Schedule at the CTL Condition, Undistorted
Inlet Flow,

Variation of Stage Pressure Ratio with Rotor Speed and
Vane Schedule at the CTL.Condition; Undistorted Inlet
Flow,

Variation of Stage Stall Margin with Rotor Speed and

Vane Schedule at the CTL Condition, Undistorted Inlet
FlOWo

Variation of Rotor Peak Adiabatic Efficiency with Rotor
Speed and Vane Schedule; Undistorted Inlet Flow.

Variation of Rotor Adiabatic Efficiency with Rotor
Speed and Vane Schedule at the CTL Condition; Undis-
torted Inlet Flow,

Variation of Stage Inlet Corrected Weight Flow with Rotor
Speed and Vane Schedule at the CTL Condition, Undistorted
Inlet Flow,

Variation of Rotor Total Pressure Ratio with Rotor Speed
and Vane Schedule at the CTL Condition, Undistorted Inlet
Flow,

Variation of Rotor Stall Margin with Rotor Speed and Vane
Schedule at the CTL Condition, Undistorted Inlet Flow.

Stage-Matching Analysis Using Variable~Geometry Inlet
Guide Vanes.

-Rotor Blade Element Work Coefficient-Flow Coefficient

Characteristics at Pitchline, Uncorrected for Inlet Swirl
and Axial Velocity Change; Undistorted. Inlet Flow,

Rotor Blade Element Work Coefficient-Flow Coefficient
Characteristics at Pitchline, Corrected for Inlet Swirl
and Axial Velocity Change; Undistorted Inlet Flow.

xi

Page

142

143

144

145

146

147

148

149

150

151

152

153

154

_—

e i B




Ll

Figure
49,

52.

53(a).

53(b).

54,

55.

LIST OF ILLUSTRATIONS (Continued)

Variation of IGV Total.Pressure Losg Coelficient with
Mach Number; Undistorted Inlet Flow.

a, 5% Immersion from Tip.
b.. 10%Z Immersion from Tip.
2. 30%Z Tmmersion from Tip,
d. 50% Immersion from Tip.
e. 707 Immersion from Tip.
f. 90Z ILumersion from Tip.
g. 95% Immersion from Tip.

Radial Variation of IGV Deviation Angle at IGV Setting
Angles ¢f 0°, 20°, and 49°, Undistorted Inlet Flow,

Radial Profiles of Task IT Rotor Inlet Absolute Flow
Angle with IGV at Nominal S~tring and without IGV; 100%
Speed, Near Design Condition, Undistorted Inlet Flow.

Comparison of Variable Geometry Inlet Guide Vane Total
Pressure Loss-Coefficient Data with Those for Conven-
tionally Cambered Guide Vane Airfoil Sections Having
Equivalent Values of Row Solidity.

Variatior of Stator Miunimum Loss Coefficient with Stator
Inlet Mach Number at 50% Immersion from Tip, Undistorted
Inlet Fiow.

Variation with Mach Number of Stator Incidence Angle
Range for Twice Minimum Loss Condition at 50% Immersion
from Tip, Undistorted Inlet Flow,

Stator Blade Element Total Pressure Loss Coefficient
Versus Stator Incidence Angle at 50% Immersion from Tip
with Undistorted Inlet Flow, All Three Vane Schedules.

a, 50% and 70% Design Speeds,
b. 80% and 90% Design Speeds,
c. 100% and 1107% Design Speeds.

Stator Blade Element Total Pressure Loss Coefficient
Versus Incidence Angle at 907 Immersion from Tip with
Undistorted Inlet Flow, All Three Vane Schedules,

a, 50% and 70% Design Speeds,

b. 80% and 90% Design Speeds.
c. 100% and 110% Design Speeds.

xii

155
155 -
156
157
158
159
160
16l

162

163

164

165

165

166

166
167
168

169

169
170
171

.




Figure
56,

57(a).

57(b). ...

58(a).

58(b).

59.

60.

61.

62.

LIST OF 1LLUSTRATIONS (Continued)

Typical Stator Wake Profiles at 70% Speed, Constant
Throttle Valve Setting with Undistorted Inlet Flow; IGV
Setting Angles 0°, 20°, and 40°, Zero Stator Setting
Angle.

a. 50% Immersion from Tip.

172

172

b. 907 Immersion from Tip.

Variation of Rotor Aerodynamic Loading Parameters with
IGV/Stator Schedule and Tip Speed Near Stall_in Undis-
torted Inlet Flow; 57 Immersion from Tip.

Variation of Rotor Aerodynamic Loading Parameters with
IGV/Stator Schedule and Tip Speed Near Stall in Undis-.
torted Inlet Flow; 10% Immersion from Tip.

Variation of Stator Aerodynamic Loading Parameters with
IGV/Stator—_Schedule and Tip Speed Near Stall in Undis-
torted Inlet-Flow; 907 Immersion from Tip.

Variation of Stator Aerodynamic Loading Parameters with
IGV/Stator Schedule and Tip Speed Near Stall in Undis-
torted Inlet Flow; 95% Immersion from Tip.

Variation of Distortion Parameter with Inlet Corrected
Weight Fiow for Radial and Circumferential Distortionm.

Task II Stage Performance Map with Tip-Radial Iilet
Distortion for IGV/Stator Schedule 0°/0°,

Task II Stage Performance Map with Tip-Radial Inlet
Distortion for IGV/Stator Schedule 40°/5°.

Variation of Rotor Blade Eleme~t Pzrameters with Throttle___

Valve Setting at 57 Immersion from Tip; 1007 Speed,
IGV/Stator Schedule 0°/0°, Undistorted Inlet Flow and
Flow with Tip Radial.Distortion.

a, Diffusior Factor.

b, Static Pressure Rise Coefficient
¢, Temperature Ratio

d. Total Pressure Ratio

xiii

sm e e

173

174

175

176

177

178

179

180

181

181
181
182
183

— el




Figure
63.

64.

66.

67.

LIST OF ILLUSTRATIONS (Continued)

Variation of Rotor Blade Element Parameters with. Throttle
Valve Setting at.10% Immersion from Tip; 100% Speed, IGV/
Stator Schedule 0°/0°, Undistorted Inlet Flov: and Flow
with Tip Radial Distortion.

a, Diffusion Factor.

b, Static Pressure Rise Coefficient.
c¢. Temperature Ratio,

d. Total Pressure Ratio,

Comparison of Radial Profiles of Rotor Blade Element
Parameters Between Undistorted Inlet Flow and Flow with
Tip Radial Distortion; 100% Speed, Near Stall, IGV/Stator
Schedule 0°/0°,

a. Rotor Diffusion Factor.

b. Total Temperature Ratio,

¢, Rotor Static Pressure Rise Coefficient.
d. Total Pressure_Ratio,

Variation of Rotor Incidence Angle with Throttle Valve
Setting; 100% Speed, IGV/Stator Schedule 0°/0°, Undistorted
Inlet Flow and Flow with Tip Radial Distortion.

a, 5% Immersion.from Tip.
b. 10% Immersion from Tip.
¢, 907 Immersion from Tip.
d., 95% Immersion from_-Tip.

Comparison of Radial Profiles of Rotor Incidence Angle
with Undistorted Inlet Flow and Flow with Tip Radial
Distortion; 100% Speed, Near Stall; IGV/Stator Schedule
0°/0°.

Variation of Rotor Blade Element Parameters with Throttle
Valve Setting at 5% Immersion from Tip, 70% Speed, IGV/
Stator Schedule 40°/8°, Undistorted Inlet Flow and .Flow.
with Tip Radial Distortion,

a, Diffusion Factor.

b, Static Pressure Rise Coefficient,.
c. Temperature Ratio.

d, Total Pressure Ratio.

xiv

184

184
184
185
186

187

187.
187
188
189

190

190
190
191
191

192

193

193
193
194
194

s




LIST OF ILLUSTRATIONS (Continued)

Figure Page
68, Variation of Rotor Blade Element Parameters with Throttle

Valve Setting at 107 Immersion from Tip; 70% Speed, IGV/
Stator Schedule 40°/8°, Undistorted Inlet Flow and Flow

with Tip Radial Distortion. 195

a, Diffusion Factor. 195

b. Static Pressure Rise Coefficient. 195

¢, Temperature Ratio, 196

d. Total Pressure Ratio,. 196
69. Comparison of Radial Profiles of Rotor Blade Element Param-

eters Between Undistorted Inlet Flow and Flow with Tip
Radial Distortion; 70% Speed, Near Stall, IGV/Stator

Schedule 40°/8°. 197
a,.Diffusion Factor. 197
b, Stutic Pressure Rise Coefficient. 197
c., Total Temperature Ratio. 198
70. Consolidated Stage Performance Map for IGV/Stator.Schedules )
0°/0° and 40°/8°; Flow with Tip Radial Distortion. 199 ‘

71(a). Variation.of Stage Peak Efficiency with Rotor Speed and
Vane Schedule; Flow with Tip Radial Distortion, 200

71(b)., Variation of Stage Adiabatic Efficiency with Rotor Speed
and Vane Schedule at the CTL Condition; Flow with the
Tip Radial Distortior. 201 ‘ N

72, Variation of Stage Inlet Corrected Weight Flow With Rotor
Speed and Vane Schedule at the CTL Condition; Flow with
Tip Radial Distortion. 202

73. Variation of Stage Total Pressure Ratio with Rotor Speed
and Vane Schedule at the CIL Condition; Flow with Tip
Radial Distortiom, 203

74, Variation of Stage Stall Margin with Rotor Speed and Vane
Schedule at the CTL Condition; Flow with Tip Radial
Distortion. 204

75. Variation with Rotor Speed and Vane Schedule of Differences
in CTL Adiabatic Efficiency and CTL Stall Margin with
~ Undistorted Inlet Flow and Distorted Inlet Flow. 205

Xxv




Figure
76.

77,

78.

79.

80.

81(a).

81(b).

82.

83.

84.

LIST OF ILLUSTRATIONS (Concluded}

Radial Profiles of Total Pressure at the Four Traverse
Stations; Undistorted Inlet Flow and Flow With Tip
Radial Distortion..

a. 100% Speed, Maximum Flow, IGV/Stator Schedule 0°/0°,
b. 100% Speed, Near Stall, IGV/Stator Schedule 0°/0°.
¢. 70% Speed, Maximum Flow, IGV/Stator Schedule 40°/8°,
d. 70% Speed, Near Stall, IGV/Stator Schedule 40°/8°.

Distortion Parameter at the Four Axial Measurement Planes
for Undistorted and Radially Distorted Inlet Flows.

Stage Performance Map with Circumferential Inlet Distor-
tion for IGV/Stator Schedule of 0°/0°,

Stage Performance Map with Circumferential Inlet Distor-
tion for IGV/Stator Schedule of 40°/8°,

Consolidated Stage Performance for IGV/Stator Schedules
0°/0° and 40°/8°; Flow with Circumferential Inlet Dis-
tortion.

Variation of Stage Peak Adiabatic Efficiency with Rotor
Speed and Vane Schedule; Flow with Circumferential Inlet
Distortion.

Variatica of Stage Adiabatic Efficiency with Rotor.Speed
and Vane Schedule at the CTL Condition; ¥Flow with Cir=
cumferential Inlet Distortion., O

Variation of Stage Inlet Corrected Weight Flow at the
CTL with Rotor Speed and Vane Schedule; Flow with Cir-
cumferential Inlet Distortion.

Variation of Stage Total Pressure Ratio at the CTL with
Rotor Speed and Vane Schedule; Flow with Circumferential
Inlet Distortion,

Variation of Stage Stall Margin at the CTL Condition with

Rotor Speed and Vane Schedule; Flow with Circumferential
Inlet Distortion.

Xvi

206

206
207
208
209

210

211

212

N
[
V)

214

215

216

217

218

ol




I. SUMIARY

A major objective of this program (Task II of Contract NAS3-11157) was
to design a 1500 ft/sec tip speed stage capable of using the same.rotor and.
consequently having weight flow, total-pressure ratio and stall margin at
each tip speed that were nearly the same as the 1400. ft/sec tip speed stagz
tested in Task I. In.addition, the Task II Stage was intended to operate at
and above 1500 ft/sec tip speed with efficiency levels higher than could be
achieved by the 1400 ft/sec design tip speed.Task I Stage. Analysis of test
results indicated that the high-speed efficiency objectives had been attained;
the Task .II Stage had higher efficiency than the Task I stage above a tip
speed of approximately 1450 ft/sec. It was also determined that, although
the Task I Stage had somewhat greater stall margin, both rotors reached
essentially equal levels of tip static~pressure~rise coefficient at stall.

Results from.tests with undistorted inlet flow of the 1500 ft/sec tip
speed compressor were compared to design intent in order to determine the
adequacy of the methods used in the design of this high speed fan. The design
value of stage total-pressure ratio of 1.66 was achieved at a weight flow
within 1% of the design flow, 226 lb/sec. The flow, however, was less than
design intent in the rotor tip region because too low a suction surface
incidence angle had been specified. The inlet guide vanes and stators
performed nearly as estimated during design calculations, and neither vane
row was responsible for any limitations in flow or unstalled weight flow
range. Overall stage peak adiabatic efficiency was approximately 0.840,
compared to a design value of 0.854, and the stall_margin at the design
point was 14%. Analytical results on rotor tip shock structure, deviation
angles and part-span shroud losses were also obtained.

An aaditional major objective of Task II of this program-was to develop
a variable-camber inlet guide vane and a variable-stagger stator which would
allow the stage to operate at 54% weight flow at 70% corrected speed with N
adequate stall margin and at high efficiency. Operation at this weight flow N
was not possible at 70% speed without the use of the variable-geometry
blading, but the 70% corrected speed performance objectives were met by use
of a 40° adjustment in inlet guide vane setting. An analysis to match a
hypothetical second stage at 70% design speed to the Task II stage with
undistorted inlet flow showed that the operating weight flow range (corrected
to the IGV-inlet conditions) of the hypothetical two-stage fan increased 44%
und 547 with IGV/Stator schedules of 20°/4° and 40°/8° respectively, as
compared with the 0°/0° schedule. The variable geometry inlet guide vanes
could be operated over a wide range of flow turning angles with a small
increase in loss level over expectations from fixed camber, variable stagger
inlet guide vanes of the same solidity. The added flexibility of operation
made possible by use of the variable-camber blading was due to the ability
to alter the flow-speed and pressure ratio-speed characteristics of the
compressor., Guide vane adjustment, however, had little effect on the stalling
pressure ratio-flow reiationship. Guide vsnes and stator losses were acceptably
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low over wide ranges of setting angle and Mach number. A stage characteristic
type of analysis was demonstrated to be capable of unifying the performance
data obtained at various speeds and guide vane settings.

A final major objective of this program was to evaluate the effect of
inlet flow distortions on stage performance and the effect of the variable-
camber blading on distortion tolerance. A tip radial inlet flow distortion
resulted in reductions in stage efficiency and stall margin that were more
severe than those produced by a 90° one-per~-rev circumferential distortion.
Rotor tip aerc.iynamic loading at stall with radial distortion was approximately
the same as that reached at stall with undistorted inlet flow. Distortion
attenuation at the stage exit was better with.radial distortion than with
circumferential distorticm; in the latter case attenuation was hampered at
the hub because of a severe flow separation in the stator. :

The effect of each type of inlet distortion on stall limits was less
severe when the compressor was operated with an inlet guide vane setting of
40°, Use of the varible-camber blading, however, did not result in significant
improvement in the ability to attenuate circumferential inlet flow distortions.

As in the case of undistorted inlet flow operation, the main advantage
of the-varible-camber blading was the ability to alter the flow-speed and
pressure ratio-speed characteristics of this stage. With radial distortion,
a 40° inlet guide vane setting also had the advantage of allowing a higher

stalling total-pressure ratio to be achieved at a given flow than was possible
wi.h no guide vane adjustment.




II. INTRODUCTION

High tip speed fan and compressor stages are used in virtually all édvanced

aircraft engines. These stages.must operate efficiently and stably not only
at their design condition but also at part speed and with severe inlet flow
distortions. The Task II of this contract was intended to investigate the
efficiency and stall margin potential of a 1500 ft/sec tip speed stage, to
develop design methods and criteria for stages of this type, to evaluate the
effectiveness of variable-camber inlet guide vanes and stators in improving
part-speed efficiency and weight flow range and to determine the effect of
inlet flow distortions on stage performance plus the effect of the variable-
camber blading on distortiom tolerance.

The design of the Task II rotor was strongly influenced by the design
and performance of the 1400 ft/sec tip speed NASA Rotor 1B (References 1-3),
that was also tested in a compressor stage under Task I of this program
(References 4 and 5). It was intended that the Task II rotor should have
approximately the same weight flow and total-pressure ratio versus tip
speed characteristics as Rotor 1B so that both stages could use the same
stator vanes and test vehicle. Since Rotor 1B had a rapldly dropping
efficiency level above its design tip speed of 1400 ft/sec, it was believed
that by designing the Task II rotor. with blades specifically selected for its

higher tip speed, it would be possible to operate at and above 1500 ft/sec tip

speed with a higher efficiency than could be attained by Rotor 1B in this
speed range. Accordingly, the Task II rotor was designed with somewhat

higher tip solidity, lower camber and with smaller throat areas than Rotor 1B.

It was believed that using the common flowpath contours and aspect ratio

would not compromise the performance of the Task IT Stage. Additional details

of the Task II rotor design are given in Reference 5 along with information

on the design of the variable-stagger stator and variable~camber inlet
guide vane.

In order to evaluate the effect of the variable~camber blading on off-
design performance, a typical high Mach number cruise condition was selected
as an objective operating point based on experience from several advanced
engine systems under development for use in high Mach number aircraft. This
experience indicated that the compressors of such engines typically operated
at cruise at approximately 70 percent of their take-off corrected speed and
54 percent of take-off corrected weight flow. Rotor 1B could only be
throttled to 54.5 percent of design weight flow at 70 percent design speed

without stalling. By analogy then, it was anticipated that to operate at this

cruising condition with adequate stall margin, it would be necessary to have
a variable-camber blading for this new stage. Determining the influence of
- the variable-camber blading on stage performance with both undistorted

and distorted inlet flows, and on the capability of matching a hypothetical
Second Stage to the Task II Stage at off-design speeds were additional
objectives of the program.
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References 7 and 8 present detailed data obtained. with the Task TI Stage
with undistorted inlet flows and distorted inlet flows, respectively. This
final report summarizes the analytical and experimental results of the Task II

program with specific reference to the design and off-design performance
objectives.
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IIT. APPARATUS AND PROCEDURE

1. TEST COMPRESSOR STAGE
a. INLET GUIDE VANE

i The variable~camber IGV was designed to produce.no turning of the flow

at the 100 percent speed, 100 percent flow design point. At the 70 percent

i/ speed, 54 percent flow crulse ccndition, it was designed to impart up to

[ 45 degrees. of swirl to the flow at all radii. The design leading edge blade

; angle was O degrees at all conditions and the trailing edge blade angle could
be varied from O degrees to 45 degrees. The discharge air angle could thus
be varied without incurring excessive losses from high incidence angles. There
were 24 inlet guilde vanes, approximately half the number_of stator vanes (46).
With 24 IGV's, the stator exit wake rakes, which spanned two stator passages,
also spanned approximately one IGV passage. Thus, the total pressure losses
contributed by the IGV and stator wakes were measured in the proper proportion
by the stage discharge instrumentation.

Figures 1 (a) and 1 (b) show pictures of IGV at zero degrees (nominal)
and + 40 degrees respectively, The IGV airfoil sections were made geometrically
similar at all radil by scaling a single master section. This mastzr section
was derived from an airfoil having an uncambered meanline with a NACA 65-008
thickness distribution scaled up to a maximum thickness/chord ratio of 10
percent. Leading and trailing edge thicknesses of the 65-series airfoll were
1.0 percent and 1.5 percent of chord respectively. The nose and flap sections
were formed by dividing the 65-series airfoil into two parts. Contours
around the rear part of the nose and the leading edge of the flap were chosen
so that an aerodynamic slot would be formed when the vane was in a cambered
configuration. The nose section moved circumferentially maintaining axial
orientation when the rear flap was rotated to vary the trailing edge angle.
Figure 1 (c) indicates the way in which the two parts of the guide vane were
aligned in the uncambered positiom at the design point and in a cambered
position at 30 degrees turning. Tables I and II list some of the IGV design
parameters. Further details of aerodynamic design.and actuation mechanism
are discussed in Reference 6.

b. ROTOR

The 1500 ft/sec tip speed, 0.5 hub:tip radius ratio rotor consisted of
44 blades designed with fully arbitrary blade sections selected in order to
better control throat areas and suction surface Mach numbers. The design
point rotor inlet specific weight flow was 41.62 lbs/sec-ft2 of annulus area
and the relative inlet Mach number at the tip was 1.526 with zero inlet guide
vane turning. Tip diffusion factor at design point was 0.368 with a tip
solidity of 1.40. Chord length was varied slightly, increasing from hub to
tip. A part-span shroud was used at approximately 63 percent span from the
hub to insure aeromechanical stability. Table I contains some of the rotor
design and performance specifications. Table III (a) gives the design values
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of aerodynamic parameters and blading geometry on the design streamlines. In
general, the design stream-surfaces were different from the blade element data
measurement sections and, hence, the blading geometry parameters on the blade
element data sections are presented in Table IV. Design values of incidence
angle, deviation angle, diffusion factor, and loss coefficient on the blade.
element data sections are shown along wilth. reupective test data in the section
on Results and Discussions. The principal conspicuous features of the new
blading compared to the Task I rotor were higher solidity, some negative
camber in the tip region to produce external compression, somewhat smaller
throat areas and increased camber in the hub reglon.

A view of a portion of the assembled rotor appears in Figure 2. After
manufacture, the blading was inspected by means of contour layouts at several
sections and it was judged that the blading was adequate to achileve design intent.

c. STATOR

Design specifications for the stator vanes are contained in Tables III (b),
and IV. The stator consisted of 46 vanes and was designed-with variable-setting-
angle capability. Mechanical limits of 15 degrees open to 20 degrees closed were
provided. At the nominal- design point setting, zero degrees, the exit air flow
was designed. to be axial.. The outer half of the vane was made up of double-
circular-arc airfoils. An arbitrary airfoil section was. employed for the hub
to obtain suction surface Mach numbers which were lower than those produced.. by
a double-circular-arc hub section. The sections between. the arbitrary hub and
double-circular-arc pitch were selected to form a smooth transition. The design
stator inlet Mach number was 0.6l at the tip, 0.66 at the pitch, and 0.77 at the

hub. Figure 3 shows a picture of a typical stator vane. Additional design details
are contained in Reference 6. ,

The stator blading was also inspected by means of contour layouts at several R
sections and was judged adequate to achieve design intent. Comparisons between
the measured profiles and design intent are presented in Reference 4.

sl

2. TEST FACILITY : ‘

Performance tests of this stage were conducted in General Electric's
House Compressor Test Facility at Lynn, Massachusetts. This facility is an
open cycle type with atmospheric inlet and discharge. A diagram and descrip-
tion of this test facility are contained in Reference 7.

3. INLET DISTORTION EQUIPMENT

The Task II inlet distortion screens were the same as those used in the i
Task I distortion testing performed under NASA Contract NAS3-11157 and repor ted
in Reference 4. Both radial and circumferential distortions were tested.
The radial distortion screen for Task II, shown in Figure 4, covered the outer
40% of the annulus area, while the circumferential screen, shown in Figure 5, |
spanned a 90° arc from hub to tip. Both screens were made of 20-mesh 0.016-
inch diameter wire, giving a screen open area of 0.46. The screen material
was selected to give a distortion parameter, (Ppax = Pmin)/Pmax’ equal to
0.20 with a design flow of 226 lbs/sec at 100% design speed.

LLE o RSt e . Lt T —— T . A T TR S e - ” S - PO ﬁﬁ
B - e




A

X . . — R U
i /tﬂ - 7’ _,,.._ v - - - . B

The support screen, which spanned the entire annulus and to which the
distortion. screens were attached, was designed.to be rotated 360° past the
instrumentation for the circumferential inlet distortion testing. The support
screen material-was one-inch-square mesh with 0,093~inch diameter wire, and
gave an open area of 83.4%. The support screen was designed to scparate

into haives to facilitate installation.

The distortion scrcens were located one rotor dilameter forward of the
rotor leading edge, and were mounted in a cylindrical section approximately
one~rotor diameter long which was inserted into the test vehicle only during
distortion testing.

4, INSTRUMENTATTION

A listing of major fixed and traverse instruments provided for the differ-
ent phases of testing is given in Table V.. The locations of these instruments
and of the hub and casing static taps are shown in the instrumentation
schematics, Figures 6 and 7. References 7 and 8 contain descriptions of
the instrumentation arrangement used in each test configuration as well_as
photographs of the instruments used.

Overall performance data were calculated from fluid properties measured
by fixed instruments at inlet and exit measuring stations. In general,
measurements were obtained at seven.radial immersions chosen to correspond
to 5, 10, 30, 50, 70, 90 and 95 percent of annulus height from the tip at
the rotor exit plane, 1.51. Immersions at each other instrumentation plane
upstream and downstream of plane 1.51 were established to correspond to the
radial locations at which design streamlines that passed through the selected
immersions at plane 1,51 intersected the instrumentation plane. Blade element
data were obtained from traverse probes at the respective indicated locations.
During undistorted inlet flow shakedown testing only, a l4-element IGV wake

rake was Installed at each of the seven radial immersions to measure the pressure .— i R
behind the IGV. The IGV loss coefficients obtained from these measurements 1
were subsequently used in the rest of the program. During distortion testing =

only, the inlet total pressure aft of the distortion screen was obtained by two
7-element total-pressure distortion rakes located at Plane 0.18. For circum~
ferential distortion testing, traverse data were recorded at the 10%, 50%,

and 90% immersions by the 4-parameter probes instead of at the usual seven
immersions. During all stall tests, three hot wire anemometers were used
behind the rotor at 10%, 50%, and 90% immersions to detect the initiation of
stall and the radial extent of stall cells.

Ten high-frequency-response static pressure sensing elements were located )
on the casing over the rotor tip to obtain data on pressure profiles and oo
shock structure at the rotor tip. Two of these were located forward of the
rotor leading edge and one aft of the trailing edge. The output signals from
the ten transducers were displayed on two oscilloscopes. The oscilloscope
traces were timed to record the static pressure history for four blade passages;
the sweep rate superimposed the second pair of passages over the first pair.
The reference static pressure level for each sensor was obtained from a casing : J
static pressure tap located at the same axial position.




5. DATA REDUCTION

Three separate computer programs were used to reduce the test data. The
Overall Performance Data Program computed average fluid properties at each
measuring station.from data measured by fixed instruments and calculated. overall
stage and rotor performance parameters such as total-pressure ratio and adiabatic
efficiency. The Blade Element Data Program calculated vector diagram and blade
element performance parameters for seven streamline sections. This program
reduced data from both fixed and traversing instruments. These two computer
programs were used primarily to reduce data obtained during undistorted and
radial inlet flow distortion testing. A special Circumferential Distortion
Data Program was used to calculate vector diagram data at numerous circum-
ferential, radial and axial locations during circumferential inlet flow
distortion testing. This data reduction computer program also calculated
overall performance data from average fluid properties determined by
special circumferential/radial mass-averaging methods. Input data were
obtained from both fixed and traverse instruments at twelve different circum-
ferential positions of the distortion screen.. Additional details of. these
three data reduction .methods used may be found in References 7 and 8.

In order to examine the static pressure profiles over the blade tips, to
study the shock structure and starting, the static pressure versus time data
from- the- photographs of the.oscilloscope traces were input to another data
reduction .computer program.. This program produced plots showing two adjacent
rotor blade tip sections; superimposed upon this plot were data points repre-
senting the physical-locations at which integer levels of static pressure
occurred. Contours of constant static pressure were drawn in on these plots
in order to reveal the rotor tip shock structure and other features of the
flow relative to the rotor blades in the tip region. Plots of this type were
produced for a number of high-speed operating conditions for the Task II Stage
with the inlet guide vane in the design, zero-swirl, position with undistcrted
inlet. Detailed interpretation of these plots are presented in the section on
Results and Discussions.

6. TEST PROCEDURE

A shakedown test was conducted in the initial phase of the testing with
undistorted inlet flow during which the IGV wake losses for three principal
IGV setting angles were determined at seven immersions with the IGV wake rakes
impmersed in the airstream. The optimum design and off-design IGV/Stator vane
schedules were also chosen during this phase of the testing. This was followed
by undistorted inlet flow performance testing during which blade element and
overall performance data were obtained at 50%, 70%, 80%, 90%, 100%, and
1107% speeds at the three IGV/Stator schedules of 0°/0°, 20°/4°, and 40°/8°.
Testing with radial and circumferential inlet flow distortion was performed at
70%, 90% and 100% speeds at nominal (0°/0°) and 40°/8° IGV/Stator schedules.
During radial distortion testing at nominal vane schedule, blade element
traverses were performed at 1007 speed at both maximum weight flow and
near stalling flow and at 70% speed at an intermediate flow condition. For
the 40°/8° 1GV/Stator schedule, blade element data were obtained at 70% speed
at maximum flow and near stalling flow and at_100% speed at an intermediate




flow condition. During circumferential distortion flow testing, detailed
radial and circumferential flow surveys were made in. addition to overall per-
formance tests.. These surveys were performed using the distortion screen.
rotation capabili'y and the combination__traverse probes. Screen rotation tests
were performed at flow conditions similar to those used_for the radial
distortion blade element traverses. For each operating condition, at_each of
twelve circumferential distortion screen positions spaced every 30°, overall
performance data were recorded and traverse data were obtained at immersion
positions of 10%, 50%, and 90%. At each screen-—position, following the

traverse. test, the probes were retracted out of the airstream and overall
performance data were recorded.

The Task II Stage was tested without the IGV as part of Task IV tests
with_solid casing and a blade angle slot casing treatment configuration.
The results of these tests have been reported in detail in Reference 9.

The cylindrical section and support screen used for mounting the distortion
screens were retained during the undistorted flow testing in Task 1IV.
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IV. RESULTS AND DISCUSSION

1. ANALYSIS OE PERFORMANCE AT NOMINAL VANE SCHEDULE WITH UNDISTORTED
INLET FLOW

Testing with undistorted inlet flow for the Task II Stage was conducted . .
during the shakedown tests and undistorted inlet flow performance tests. A
complete listing of all the measured and calculated overall performance and
blade element parameters from these tests is presented in Reference 7.

The following sections present a discussion of the re<ults.

‘V a. EVALUATION OF ROTOR AND STAGE AERODYNAMIC DESIGN

The development of an efficient 1500 ft/sec tip speed rotor for use in
a high speed fan stage with variable-camber inlet guide vanes was a major goal
of the Task II program. It is, therefore, appropriate to evaluate the per-
formance of the stage and of the rotor, on an absolute basis and in comparison
with _design intent.

The performance map for the entire Task II stage (inlet guide vanes,
rotor and stator) is presented in Figure 8 for testing with the design geome-
try: the zero-swirl inlet_guide vane setting and the nominal stator setting.
At the test point closest to the 100% speed design rotor. total pressure ratio
of 1.686, the staze pressure ratio was 1.670, the corrected weight flow was
224.3 1bs/sec, 0.75% below the design value of_226.0 lbs/sec, and the stage
efficiency was 0.838. Performance of the rotor alone is presented as Figure 9.
At the same test point closest to design, the rotor adiabatic efficiency was oo
0.869, 0.014 below the design expectation of 0.883 (performance of the Task I
rotor is given as background for Figure 9; the comparison will be discussed
in a later section). The performance wirh respect to both weight flow and
efficienc, was.gratifyingly clese to the design expectation; the design
expectation, of course, does nct represent an upper limit to performance : .
levels desired from future development. )

Examination of radial profiles of significant thermodynamic and aero-
dynamic parameters at test points near design can measure conformity with
design intent and provide clues to possible improvements. Radial profiles of
measured rotor total pressure ratio and total temperature ratio at the test
point closest to design and at the 100% speed test peint nearest stall are
presented as Figure 10. Reading numbers refer to tabulated data presented in
Referernces 7 and 8.. At the particular test point chosen to match design
pressure ratio, the work input (as measured by the temperature) in the hub
region conforms to the design intent. A small excess of work input over the
design in the tip region was produced. The profiles for the test point
near stall show that the blading does have substantial excess capability over
the design point requirement at all radii. Interpretation of the temperature
and pressure profiles is presented in the form of efficiency as Figure 11 and
as loss coefficlent as Figure 12. Also included for comparison in Figure 11
are data from the Task IV tests using the Task II Stage without inlet guide
vanes. Data from two comparable sets of readings from Task II and Task IV
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tests are presented. It is apparent from these data that the presence of
IGV's had very little effect on rotor efficiency, indicating that the IGV
losses had been properly accounted for. This is also borne out from Figure 13
which presents the performance maps for the Task II Stage between rotor inlet
v and stator exit and for the Task IV Stage. It appears from Figure 12 that

. higher than expected losses were generated in the tip region and in the hub
region. The design curve has no allowance for spreading of the wake from the
mid-span shroud, which may well account for the higher level of measured loss
in this region. Loss levels substantially higher than design expectation in
both tip and hub regions would appear to be fruitful areas for subsequent
development. Radial profiles of rotor diffusion factors are presented as
Figure-14. This figure shows that the blading was capable of producing the
design loading and substantially more. The profile of rotor relative deviation
angle, shown as Figure 15, indicates that the blading was more than able to
satisfy the design vector diagrams. In fact, these profiles suggest that at
those radii where supersonic loading is the primary component, a significant
adjustment should be made to Carter's Rule for predicting deviation angles.
The relative leaving angles can be close to the trailing edge metal angle when
the relative leaving velocity is close to sonic.

Some illumination on the small deficiency in measured weight flow below
the design is given by Figures 16, 17, and 18. In Figure 16 the measured
static pressure profile just upstream of the rotor is compared with the design
intent; stagnatjon pressure variation is a negligible (0.002) factor in the
dynamic pressure profile. This figure includes data taken from the testing
without inlet guide vanes reported in Reference 9 as well as the earlier data
from the complete stage test. The difference between the tests with and without
IGV's is considered to be within experimental resolution. The high level of
static pressure in the rotor tip region suggests that the velocity level is
low there and that this region is the socurce of the flow deficiency. Figure 16
implies that the dynamic pressure for Reading 139 ahead of the rotor tip was
about 5 percent below the design intent, and the dynamic pressure in the hub
region equalled the design intent. Thus the entire flow deficiency appeared
to be localized in the tip region. The impact of the low flow level in the
tip region on the blading is a high incidence angle; the actual incidence angle
distribution is presented in Figure 18 including comparison with the design
intent.

The flow induction capacity of a supersonic cascade like the rotor tip
sections depends upon interaction of the contributing effects of the suction
surface shape in the leading edge region, the cascade passage inlet area, and
the passage throat area. The flow induction surface sets an upper limit to the
flow that can be sucked through the compressor. TFor each design, and for. each
speed for a given design, there is a minimum throat area which will pass the
limit flow. Establishment of an oblique shock pattern at the leading edge
implies that the throat area is large enough to pass the limit flow correspond-
ing to the induction surface. On the other hand, a normal shock pattern, at or
in front of the passage inlet suggests that the throat area is setting a flow
limit below the limit set by the induction surface.

11
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Contrary to previous practice, passage throat areas for the Task II
rotor had deliberately been set small in the tip re~{on in an effort to
encourage some isentropic supersonic compression Jre attempting supersonic-
subsonic transition. Passage inlet areas had nov .eceived direct attention,
and the resulting cascade passage had a substantial convergence. More recent .
experience has suggested that the ratic of inlet to throat area may be an
important design parameter. If the throat area is too small, or 1if the inlet
area is too large in relation to the throat, it is expected that the flow in
the cascade passage will be subsonic, after a strong normal shock standing
some distance in front of the passage entrance. When this happens, an
observer, looking at pressures on the leading edge plane of the rotor, will
see a very high pressure region between the strong bow shock and the blade
leading edge. The average static pressure which appears in a plot like Figure
16 would then be the resultant of this high pressure and whatever low pressure
is generated along the suction surface forward of the shock. During the design
process it was believed that throat areas (and inlet areas) had been chosen
sufficiently large to pass the design flow. Static pressure isobar plots, given
as Figures 19(a) - 19(g) and discussed in more detail later, show that the
leading edge shock at 100% speed, for back pressures equal_to or less than
design, is an attached oblique shock. Thus, these provide evidence that the
passage areas were large enough so as not to limit the flow. At the high
back pressure, 100% speed condition, as shown in Figure 19(c), the strong
shock.was pushed forward of the. passage entrance. In this case the flow induc-—
tion was reduced, as indicated by the shape of the speed line on Figure 19(c)
and on the overall performance map, Figure 8. The static pressure isobar plots
for 90% speed, especially Figure 19(e) near stall, show the characteristic
pattern when the passage throat area is not large enough to pass the desired
flow.

The nature of the influence of the flow induction surface on the flow is
suggested by the streamline section layouts presented as Figure 20. The
presentation is done in a manner to emphasize the relation between the sucztion
surface shape and the streamline that would be followed by air particles on a
meridional stream surface in the absence of any blade force on that stream
surface, the "free flow streamline". Free flow streamlines for the design flow
level are shown on Figure 20; curvature of them reflects acceleration of the
axial flow component in the converging annulus. Using linearized reasoning,
any portion of the real surface with a negative angle of incidence to the free
flow streamline will generate compression waves which will propagate upstream.
Any portion-of the surface with a positive angle of incidence will generate
expansion waves. If the suction surface shape returns to the free flow stream-
line just in time to generate a wave that will intersect the leading edge of the
next airfoil, the compression waves and expansion waves propagating upstream
of the leading edge plane of the cascade will just cancel and the cascade
should produce the desired flow inductiocn. 1In practice, boundary layer growth |
aleng the suction surface gives an effective surface with 0.1° - 0.2° negative I
inciderce witl. respect to the physical surface. Also some overexpansion on thc
majority of the surface is required to compensate for high local static pres-
sures on the blunt leading edge. The cascade layouts showed that the actual
blade surfaces had an average 0.5° negative incidence with respect to the free
flow streamline. Thus, it should not have been surprising tust the lowest
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measured upstream flow. angle was about 0.7° higher than the design level. This
0.7° difference is comparable to the difference between the design incidence
and the lowest measured incidences at 100% and 11C% rotor speeds as shown con
the blade element data presentations, Figure 21.

In addition to the free flow streamline, the blade section layouts,
Figure 20, show curves of cascade passage area, referenced to the flow area
between stagnation streamlines upstream of the cascade, the cascade capture
area. The area of a passage cross section is plotted on these curves at the
axial position of the section midpoint. The minimum level on this curve is the
throat area which.had been carefully chosen in the original design process.
The distribution of such areas may be used to examine the probable behavior
of the cascade during acceleration to its design speed. 1In particular, this
distribution may determine whether the cascade can reasonably be expected to
develop its desired shock pattern at any speed below the design.

Figure 22 (a and b) summarize an analysis predicting the appearance of a
design-type oblique shock structure attached to airfoil leading edges, or a
lower speed normal shock structure standing forward of the cascade passage in-
let, based on the passage area distribution. Development of the oblique
shock structure is considered as essential to attainment of good efficiency at
high Mach numbers. ___

The analysis assumes that the entire flow at radii greater than the mid-
span shroud can be expressed in .terms of linearized Method of Characteristics
waves of one family, upstream of the cascade passage inlet, and in one~dimen-
sional flow-terms in the cascade passage and downstream..._The flow analysis
upstream of the cascade passage inlet consists of:

1) Axial.acceleration in the converging annulus from the rotor inlet measure-
ment plane to the blade leading edge (this effect was incorporated in the data
reduction program for blade element dataj,

2) Expansion around_the leading edge to the leading edge suction surface
direction, and

3) Expansion and/or compression along the suction surface due to interaction
of surface curvature and annulus convergence. '

Results of the upstream analysis for three discharge throttle settings
are presented on Figure 22(a). Upstream Mach numbers tend to decrease with
increasing back pressure, reflecting flow roll-back. Flow induction surface
Mach numbers increase as incidence angles and the resulting leading edge
expansions increase.

The one-dimensional flow analysis downstream of the cascade passage inlet
involves:

(a) Isentropic subsonic expansion from the cascade passage inlet tc the
throat, where the Mach number is the relative discharge Mach number (whenever
that is subsonic) or unity.
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(b) 1Isentropic deceleration from a normal shock downstream Mach number to the

passage inlet Mach number (applicable when the shock stand-off distance is
significant).

The conditions for leading edge shock swallowing and establishment of the
oblique shock structure are presented on Figure 22(b). The leading edge shock
may be a normal shock significantly upstream of the passage inlet, a normal
shock at the passage inlet, or an oblique shock inside the passage. The
normal shock will be observed at the passage inlet 1f normal shock relations f
are satisfied exactly by the supersonic Mach number in (3) and the subsonic
Mach number in (a). If, however, the subsonic Mach number downstream of a
normal shock after (3) is higher than the inlet Mach number in (a), some
standoff and —subsonic deceleration as in (b) is indicated. When the Mach
number downstream of the normal shock after (3) is lower than the passage
inlet Mach number in (a), shock swallowing should occur.

As shown by Figure 22(b), the forcing of the normal shock away from the
passage entrance is predicted to occur below 89% rotative speed for discharge
valve setting 15, at 91.5% speed for discharge valve setting 9, and..at 95%
speed for discharge valve setting 6. Thus this analysis predicts that the bow
shock should be oblique in all three of the 100% speed.pressure contour. plots,
Figures 19(a), 19(b) and 13(c) and in the low back pressure 907 speed plot,
Figure 19(d). Since the actual transition from the normal shock structure to
the oblique shock structure occurred at_a throttle setting between those
represented by Figures 19(b) and. 19(c), this analysis appears to predict the
transition at a speed about 6% too low. The respective speeds at which shock -
swallowing will occur would be raised if the effective passage contraction is
more than that given by the section layouts, or if the effective Mach number -
approaching the cascade entrance is lowered through relative total pressure I
degradation through the bow shock at the previous leading edge. Both of these
effects probably occur. If, for example, the effective ratio of passage throat ]
area to inlet area is 0.94 rather than 0.96 as shown on Figure 20(b), the -
actual shock swallowing speeds are raised approximately 6% above those pre-
'dicted by the analysis, as would be required to explain the oblique shock at !
the design point back pressure and the 100% speed low back pressure, and the
normal shock appearing near 100% speed stall.

An intensive study of the static pressure isobar plots, Figures 19(a) to
19(g) was aimed at pinpointing the source and nature of cascade inefficiency
in the tip region, and at correlating the flow behavior with design intent.
It appeared that the study of the static pressure isobar plots was quite
rewarding for insight iunto the flow behavior. Considerably better time and
space resolution seemed to be required of the measuring system, if. loss loca-
tions were to be idemntified. During this study, it became apparent that several
features, common to more than one of the figures, could serve as quantitative
measures of performance. Details are collected in Table VI.

(a) For oblique leading edge shocks, Figures 19(a), 19(b), 19(f) and 19(g),

a wave angle was calculated using the relative total pressure upstream found
from the blade element data, aud static pressures upstream and downstream of the
shock obtained from the isobar plots. This condition is designated as type A

in Table VI. The shock wave angles determined in his manner near the pressure
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surface, at mid-passage and near the suction surface have been laid out on the
appropriate figures. The wave angles calculated for the two test points at
1007% speed, Figures 19(a) and 19(b) are clearly about 5° smaller than the wave
angles implied by the isobar plot, The wave angles calculated for the two
110% speed points, Figures 19(f) and 19(g), are quite similar to those on the
isobar plots. A review of the original recorded pressures suggests that the
re.ponse characteristics of the measurement system have cut off as much as 20%
of the shock pressure rise. The wave angle, when the downstream Mach number ..
is close to unity, as in the case for the test points at 100% speed, is quite
sensitive to the pressure ratlo. It seems likely that enough pressure rise
could have been lost from the 100% speed measurements to account for 5° in
wave angle. A similar analysis of the data at 110% speed suggests that an
increase of 2° in wave angle might result, which would be compatible with the
isobars.

(b) When the oblique leading edge shock was incident on the suction surface,
no case showed a reflection at the location expected from inviscid theory.

More commonly, the surface pressure rise starts upstream of the incident shock,
suggestive of a shock~induced local flow separation. This early pressure rise
may offset some of the expansion on the cormer surface and permit a shock
cancellation corner on the effective airfoil surface. Three.of the cases,
Figures 19(a), 19(b) and 19(f), showed an oblique shock compression originating
at the trailing edge, whose strength increases with back pressure and provides
the mechanism for the impact of. back pressure on cascade loading. In the
fourth case, Figure 19(g), an oblique-shock-like pressure rise appears sub-
stantially upstream of the appropriate location for either.a trailing edge
shock or a reflected shock. This pressure rise may be the coalescence of
pressure waves generated by the induced separation. In this way the pressure
rise equivalent of a reflected shock can appear well upstream of the usual
position.

{c) The test .conditions of Figuias 19(c), 19(d) and 19(e) show normal leading
edge shocks. Quantitative analysis on these may either use upstream data to
deduce pressure rise expectations for comparison with the measurements (Type B

in Table VI), or use measured pressure rise to deduce local upstream properties
for comparison with far upstream properties (Type C in Table VI). If the up-
stream relative total pressure from the blade element data is used in conjunction
with local static pressures from the isobar plot, a Mach number just upstream of
the normal shock and a normal shock pressure ratio can be inferred. Static
pressure downstream of the normal shock, expected on the basis of this procedure,
are substantially higher. than are shown on the isobar plots. A review of the
pressure measurements for Figure 19(c) suggests that measurement response could
have degraded the apparent shock pressure ratio near the pressure surface from
2.5 to 2.06, and that in mid-passage from 2.35 to 1.89. Thus the deficiency in
measured pressure rise across the shock near the pressure surface may be attributed
to the measurement system. In mid-passage, however, the value 2.35 is still sub-
stantially below the Type B expectations. Type C calculations suggest severe
total pressure losses upstream of the passage inlet, and downstream total pres-
sure3 near those obtained from-the blade element data.
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(d) Several cases, Figures 19(a), 19(b), 19(c) and 19(f) show abrupt pressure
rises across a front.perpendicular to the pressure surface, downstream of the
cascade passage exit. Considered in two-dimensional terms, this front would
represent a normal shock, and upstream and downstream Mach numbers and relative
total pressure may be inferred from the pressure rise. In each case the down-
stream total pressure obteined in this way was substantially less than the
average downstream total pressure taken from blade element data. An alternative
interpretation supposes that the pressure front 1s the reflection line for. an
oblique shock with deflections in planes parallel to the pressure surface. This
interpretation sets a minimum downstream Mach number level at 0.95, and suggests
estimating total pressures based on unity downstream Mach number.

(e) The flow inside the passage may be entirely subsonic, shown primarily by
the absence of sharp pressure fronts in Figures 19(c), 19(d,y and 19(e).

Then one~dimensional gas-flow seems to give a good description of the flow
behavior throughout the region downstream of the passage inlet. In Figure
19(d), the flow appeared to accelerate through the sonic condition at the
passage exit as far as a Mach number of unity and to require a secondary normal
shock for transition back to the subsonic relative exit Mach number.

(f) Even though the flow downstream of the oblique shocks in Figures 19(a),
19(b), i9(e) and 19(f) appears to be supersonic, the pressure surface pressure
increases when the back pressure is increased_£l9(b) vs. 19(a) and 19(f) vs.
l9(e)].-wThis sort of back pressure influence violates the characteristics of
two-dimensional supersonic flows. It seems clear, however, that subsonic
passage flows which.respond to back pressure must always be Zound in section
stream surfaces at radii not far inside the blade tips.. Sirce these subsonic
flows will usually call for higher static pressures than the supersonic flows

on the tip section stream surface, flow migration will be induced along the
pressure surface toward the tip. The two-dimensional supersonic flow,

flowing against the radial migration, sees a three-dimensional area contraction,
which tends to lower its Mach number and raise its static pressure, relative

to a simple two-dimensional situation. This type of effect should be expected
to increase with increasing back pressure. j

b. COMPARISON OF EFFICIENCIES AND STALL_AERODYNAMIC LOADING OF TASK I
ROTOR AND TASK II ROTOR

One of the major objectives of this program was to design a rotor to operate
more efficiently than Rotor 1B at speeds of 1500 ft/sec and higher. A comparison
of rotor performances from Task I and Task II Stages is presented here. The
Task I and Task II Stages used the same flowpath, as shown in Figure 23, and the
same stator. The performance maps of Task II rotor at the nominal vane schedule
and of the Task I rotor, both with the undistorted inlet flow were presented in
Figure 9. The Rotor 1B, designed to operate at 1400 ft/sec, showed sharply de-
creasing peak efficiency with increasing speed above 80% of its design speed.

In order to evaluate performance at similar tip speeds, the peak efficiency
achieved by the rotors is plotted versus tip speed in Figure 24(a). The Task II
rotor attained a peak efficiency of 0.869 at 1500 ft/sec tip speed which is 0.01
higher than that attained.by the Task I rotor. At speeds higher than 1500 )
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ft/sec, the peak efficiency for.Task I rotor dropped more rapidly; for example,
at 1540 ft/sec, which 1s 110% speed for Task I rotor, its peak efficiency was
0.019- lower than that of Task II rotor. These data indicate that the Task II
objective of obtaining iImproved efficiency at.high speed was achleved. Although
the Task IT rotor demonstrated higher peak efficiency than the Task I rotor at
1500 ft/sec and above, the Task I rotor had superior performance at part speed.

Additional comparisons between the Task II Stage rotor and the Task I
Stage rotor are shown in Figures 24 (b) and 24 (c). The data in these figures
demonstrate that both stages had simllar pressure-speed and flow-spead
relationships. Achievement of this zimilarity in flow and pressure ratio
capability, as well as the improved high-speed efficlency, was a goal of
the Task II design, and 1s considered to have been achieved.

As seen in the rotor performance map comparison, Figure 9, the Task I
rotor.stall line fell higher on the performance map than that of the Task II
rotor. The performance map also shows that the Task I rotor had a-larger 1
weight flow range between stall and maximum flow in the high-speed range of the
map. Since the two rotors had identical flowpath contours and very similar
distributions of solidity, camber, stagger and design aerodynamic loading,
the differences in weight flow range and stalling loading were examined in
some detail. %

The variations of diffusion factor, static-pressure-rise coefficient,
and work coefficient as the two rotors were throttled toward stall at design
speed are compared in Eigures 25, 26 and 27, respectively. Data are given
at each blade element immersion, and data from Task IV testing (Reference 9)
using the Task II Stage without inlet guide vanes are also shown. Radial.
variations of stalling values of diffusion factor, static-pressure rise
coefficient and work coefficient, obtained by extrapolating the data to the
stalling throttle valve setting, are compared in Figures 28, 29 and 30. 3
Stalling values of diffusion factor and of work coefficient were somewhat
less over the entire span with the Task II rotor than with the Task I
rotor. The stalling values of static pressure rise coefficlent also were
lower in the outer span for Task II rotor compared to Task I rotor. Stalling
values of rotor diffusion factors and static pressure rise coefficients obtained
at 90% design speed for the Task II rotor are also presented in Figures 28
and 29 respectively which show no influence of tip speed on the observed
trends,
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c. EFFICIENCY LOSS DUE TO PART-SPAN SHROUD

The penalty in stage efficiency for the use of the part-span shroud
has been evaluated by studying continuous traverse radial profiles of
total pressure and temperature, and comparing these with the results of
fixed discharge instrumentation used for overall performance data.




The shroud effects on efficiency are summarized in the following
tabulation:

Shroud Efficiency
Penalty (%)
Percent Weight Based on Included

Reading Design DV Flow Continuous on Overall Operating
Number Speed Setting | lbs/scc Traverse Perf. Data Condition

148 100 9 223.8 0.72 0.47 Near Design

149 100 6.5 215,95 0.4 — 0.19 Near Stall

147 110 8 234,24 1.1 0.51 Near CTL#*

Continuous traverse data at the rotor exit measurement plane (Plane 1.5) were
taken at 100% speed, near the design point and near stall, and at 110% speed
near a constant throttle line through the design point; radial profiles of
rotor adiabatic efficiency for these three data points are shown on Figures
31(a), 31(b) and 31(c), respectively. The profiles are shown plotted against
stream-function to facilitate comparison with overall performance data taken
at the stator exit measurement plane (Plane 2.0) with a different annulus area.
Radial positions at the actual continuous traverse plane are also shown. The
adiabatic efficiency profiles are derived from the total pressure and total
temperature profiles presented in-Figure 32,

The true efficiency penalty from the part span shrond was esiimated by
supposing profiles without the shroud to be given by the dashed lines on
Figure 31. The-difference between the solid line and the dashed line was
mass-weighted. After comparing the results from fixed discharge instrumentation
with the continuous traverse results, and making allowance for radial spreading
of the shroud wakes, it seemed probable that the discharge instrumentation
measured a fraction of the true shroud loss. That fraction has been estimated
by the dashed line applied to the profile through the fixed discharge instru-
mentation data. It appears that the shroud effect was considerably more severe
at 110% speed than at 100% speed. As a result of the fixed instrument locations,
quoted overall efficiencies could be optimistic by 0.25% at 100% speed and 0.6%
at 1107 speed.

d. COMPARISON OF STATOR PERFORMANCE WITH DESIGN INTENT

The variable-stagger stator used in Task II was designed to accept the
flow leaving the 1500 ft/sec tip speed Task II rotor and also to be compatible
with the 1400 ft/sec tip speed Task I rotor. This section presents a comparison
with design intent of the performance of the stator when used in the Task II
Stage.

Figure 33 shows a comparison with design intent of the radial variation
of stator incidence angle at 1007 speed, near design condition at nominal
vane schedule. The test values of incidence angles were slightly higher

* CTL condition refers to intersections with the respective speed lines of a
constant throttle setting line through design stage pressure ratio at 100%
design spzed, nominal vane schedule wich undistorted inlet flow. This constant
throttle line has been kept fixed for both distorted and undistorted inlet flows
at all the three vane schedules._
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than design intent. The stator, at the nominal setting of 0°, was designed
to return the flow leaving the rotor to the axial direction. A comparison
with design intent of the radial profile of stator deviation .angle ai LO0Y%

speed, near design flow with undistorted inlet and nominal vane schedule, 4
as shown in Eigure 34 indicates that good agreement between design and test

values was.obtained. The test values of stator diffusion factor for the same
condition as. ahove, Figure 35, were slightly higher than design intent reflecting
the slightly higher-than-design incideance angles. Except at the walle, the stator
total pressure loss coefficient showed fair agreement with design, as seen in
Flgure 36. Plots of stator loss coefflclent, loss parameter, diffusion factor

and deviation angle versus stator incidence angle at nominal vane schedule, for
50, 70, 80, 90, 100 and 110% design rotor speeds with undistorted inlet flow were
presented in the data report, Reference 7. The weight flow of the stage was not
limited by the stator losses ana the loss level was generally consistent with
design prediction. A detailed discussion of stator loss characterdstics and

the influence of inlet guide vane turning on stator losses 1s presented in a

later section. !

2. USE OF VARIABLE CAMBER BLADING FOR OFF~DESIGN OPERATION WITH UNDISTORTED
INLET FLOW

a. INFLUENCE OF VARIABLE CAMBER INLET GUIDE VANES ON ROTOR AND STAGE
PERFORMANCE

It was shown in Reference 7 that.in order to achieve the objective cruise
condition weight flow of 122 lbs/sec at 70% design speed with sufficient.stall
margin, some IGV closure was required. Plots of stage inlet corrected weight
flow and stage adiabatic efficiency versus IGV turning angle at 70% speed and :
stator setting angle of 8° were presented in Reference 7 to show tha* the )
optimum IGV/Stator schedule was 40°/8° to give reasonable adiabatic efficiency
and stall margin at the cruise condition. An intermediate vane schedule of
20°/4° was also chosen for detailed testing with undistorted inlet flow.

A performance map for the Task II Stage with the IGV's at their nominal
(axial) vane schedule and without IGV's was presented in Figure 13. For the
case with IGV's, the performance shown is between rotor inlet and stator exit
stations. The testing without IGV's was done under Task IV of this contract
and is reported in detail in Reference 9. The close agreement of the two maps
indicates that the IGV losses were properly accounted for in performance evalu-
ation. Figure 13 shows about 4% greater stall margin at 100% corrected speed
without IGV's and with them. This was surprising, as it was believed that the
IGV's might help to suppress incipient instabilities. The IGV-rotor gap for
the Task II was made generous to allow for a traverse station. The large gap
may have made the IGV's ineffective as a stabilizing device.

Figure 37 presents a consolidated performance map for the Task II Stage
at the three vane schedules with undistorted inlet flow. It is noticed from
this figure that the stall lines for all the three vane schedules nearly coincided
with each other indicating that turning the IGV did not change the pressure
ratio-weight flow relationship along the stall line. However, the consid-
erable decrease in weight flow at a fixed rotor speed with closed IGV settings
resulted in an appreciable change in the speed-versus-weight flow relationship
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along the stull line. A guide vane adjustment of 40° enabled achievement of the

objective ciulze condltion of 54% weight flow (122 lbs/sec) at 70% corrected
gpeed with C.:!86 stall margink,

The effect on key performance parameters of operating the stage at the
three different vane schedules of 0°/0°, 20°/4°, and 40°/8° can be secen from
Figures 38 through 41. The stage peak efficiency. achleved at the six speeds
tested are presented in Figure 38(a) for the three schedules. Figures 38(b),
39, 40, and 4l present the efficiency weight flow, pressure ratio and
stall margin corresponding to the CTL condition. It is apparent from
Figures 38 and 41 that at 100% design speed, considerations of efficiency
and stall margin would favor the choice of either nominal or 20°/4° schedules.
However, the weight flow and stage pressure ratio for the 20°/4° schedule
were far below the design specification. At 70% corrected speed, in the
absence of a specific requirement of the engine cycle cruise condition, )
several alternatives are available. If efficiency and stall margin at this
speed were the main considerations, the vane schedule 20°/4° appears to be
the most desirable. On the other hand, given the additional requirement of
the assumed.cruise weight flow of 122 1bs/sec without further speed reduction,
it was found to be impossible to operate the compressor at the nominal
schedule, and with the 20°/4° schedule, this flow 1s. just barely within the
stall limit. Turbine matching considerations, for example, might lead to
this kind of specification. Both efficiency and stall margin at this
weight flow were considerably higher with the 40°/8° schedule than with the
20°/4° schedule at a weight flow of 122 lbs/sec. At this assumed cruise
weight flow and speed, the compressor operated very close to peak efficiency
with the 40°/8° vane schedule. Figures 42 through 45 present the peak
efficiency, and efficiency, weight flow, pressure ratio aund stall margin at
the CIL condition for the rotor at different speeds. Again, it is seen that
at the chosen cruise condition of 122 1bs/sec weight flow at 70% speed,
the rotor operated closer to peak efficiency and with higher stall-margin

at the CTL condition at 40°/8° vane schedule than at the two other schedules _ R
tested. — .

The use of variable geometry IGV's and stators thus enabled operation
of the stage at both design speed and chosen part speed cruising condition at
close to peak efficiency and with adequate stall margin.

b. USE OF VARIABLE GEOMETRY BLADING FOR MULTISTAGE MATCHING

Variable geometry inlet guide vanes and stators can be used to match
the front stage to a second stage at off-design speeds. The capability of the
Task II stage with the variable geometry IGV to match a hypothetical second
stage at 70% design speed is investigated in Figure 46. The operating weight
flow range (based on IGV inlet conditions) of the hypothetical two-stage
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fan is increased 447 and 54% with IGV/stator schedules of 20°/4° and 40°/8°
respectively, relative to that at the 0°/0° nominal schedule. The sharp
rise in IGV. losses at 40° closure over the losses at 20° closure may account
for the fact that the improvement. in range at 40°/8° schedule is .not .
considerably more_than that_at 20°/4° schedule.

A hypothetical second stage performance at 70% corrected speed was obtained
for. Eigure 46 by scaling down the weight flow of first stage performance map
using the 0°/0° IGV/stator schedule to the reduced annulus area appropriate for
stage matching at 100% corrected speed. The scaling formula, chosen to maintain
constant axial Mach number at the 100% speed design point, is

\VT2.2/T0.09

W* = Wk .
Stage 2 IGV inlet (P2.2/P0.09)

at 100% speed design point for
Stage 1 _

The effect of the first stage temperature rise on the second stage corrected
speed, waich 1s quite small at 70% corrected speed, has been neglected.

The stage total pressure ratio at 70% speed at the three IGV/stator schedules
is plotted versus weight flow corrected by IGV inlet conditions and by stage exit
conditions. The pressure ratio versus inlet corrected weight flow speed line at
70% speed for a hypothetical second stage is also plotted in Figure_46._ The oper-
ation of the two stages together was assumed to be represented. by both stages
operating at the same percent design speed at_the same weight flow corrected to
the inter-stage conditions. The second stage performance is assumed-to be un~-
affected. by the first stage stator setting. The operation would be bounded on
the low side by stall of the first stage, and on the high side by choking of the
second stage. This is shown on Figure 46. The first stage stalls at 118 1lb/sec
and 1.275 pressure ratio with the 20°/4° schedule. The discharge corrected flow
from the first stage is 97 1b/sec. The second stage pressure ratio for this flow
is 1.295.. Therefore, the two stage stall pressure ratio is 1.65. Similarly the
maximum £low for this schedule, set by second stage cuoke, is 136 1b/sec based
on inlet conditions.

¢, . ROTOR BLADE ELEMENT WORK COEFFICIENT~FLOW COEFFICIENT CORRELATION
IN UNDISTORTED INLET FLOW

As shown in the preceding section, the variable geometry inlet guide vanes
and stators allowed the Task II Stage to operate with adequate stall margin and
acceptable efficiency over a very broad range of flows at each speed. 1In order
to condense the large amount of data obtained during testing, the 100% speed and
70% speed test data were used to calculate rotor work and flow coefficients for
the pitchline blade element section. The basic data are shown in Figure 47,
in which the large differences due to IGV turning angle can be seen and certain
smaller effects of speed are still evident. The reduction in flow capacity and
work input with increasing IGV turning shown in Figure 47 further demonstrates
the wide range of operation possibleé with variable geometry blading.
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The basic pitchline characteristic curves can be corrected to the same
inlet swirl and axial velocity ratio in order to obtain a universal character-
istic curve valid for all speeds and IGV setting angles. A flow coefficient,
¢ , derived in Reference 4, is corrected to zero inlet absclute swirl angle
and thus becomes proportional only to rotor inlet relative air angle. A
corrected work coefficient, (Ycor)ys 1s defined as the work coefficient that
would exist at the same rotor inlet relative air angle as the actual data but
at zero inlet swirl and an axial velocity ratio of unity. Thc ‘'ata shown in
Figure 47 have been reformulated into corrected characteristic data and are
shown in Figure 48. It can be seen that all the data, which cover a wide range
of speed and. IGV turning are collapsed by this technique into a single band
having a range of approximately +5% from an average characteristic curve. This
average corrected characteristic curve could be uncorrected so as to predict
the performance of the rotor at operating conditioms for which test data were
not obtained thereby greatly expanding the usefulness of the data that were
obtained.

d. PERFORMANCE OF THE VARIABLE CAMBER INLET GUIDE VANE

Variablie camber inlet guide vanes were chosen for this stage to minimize
losses while varying the swirl angle at the guide vane exit. This section
presents the IGV blade element data obtained with undistorted inlet flow and
compares the performance of thesc guide vanes with conventional rigid cambered
guide vanes.

Figure 49 presents the IGV total pressure loss coefficients as & function
of IGV inlet Mach number and IGV setting angle at seven radial immersions.
These data were obtained by methods discussed in Reference 7. In the inlet
Mach number range between 0.2 and 0.55, the variation of the loss coefficients
with Mach number was very small at both the 0° and the 20° IGV setting angles,
showing a slight tendency toward higher loss coefficients with increasing Mach
number. The loss coefficients at the 20° IGV sciting angle were nearly equal
to those at the 0° setting angle in the midspan region. No»r the walls, however,
the loss coefficients at the 20° setting were nearly twice the vaiucc at the 0°
setting angle. The loss coefficients at the 40° setting angle were considerally
higher than those at the 0° and the 20° setting angles, especially near the walls,
probably due to flow separation at the high turning angles. The variation with
Mach number of the loss coefficients at the 40° setting angle was also consider-
ably different from that at the 0° and 20° setting angles, showing a sharp
increase with Mach number above M = 0.25 near the walls and above M = 0.3 - 0.35
in the midspan region. It is believed that this sharp rise in losses was caused
by choking of the flow in the vane passage.

Radial profiles of IGV deviation angles at IGV setting angles of 0°, 20°,
and 40° are presented in Figure 50. The deviation angles were less than 5°
at practically all immersions for all IGV setting angles. Figure 51 shows
rotor inlet swirl at 1007 speed, intermediate flow with IGV from Task IIL tests
at nominal vane schedule, and without IGV fr  Task IV tests reported in
Reference 9. Th non-zero rotor inlet ewi: Jeaured without IGV indicated
that part of the deviation angles shown iu .igure 50 could have resulted from
slight error in flow angle measurement.
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The total pressure loss coefficients at different flow turning angles
obtained with the variable camber IGV of the present study are compared with
those from_rigid airfoil cascade_tests of Dunavant (Reference 10) in Figure 52,
Dunavant'!s data were obtained at low Mach numbers with guide vanes of solidity
1.5 and camber values given-by cg_ = 0.6 and 1.2. The data presented from the
current study were obtained at the IGV inlet Mach number of 0.2 at 70% immersion
from the tip, where the solidity is 1.5. From-the data presented, it is apparent
that at selected narrow ranges of flow turning angles between 0° and 40°, the
conventional fixed camber inlet guide vanes suffered lower losses than the
variable camber IGV of the present study. It appears probable that fixed camber,
variable stagger IGV's, designed with-a positive camber less than clo = 0.6,
would give a less level at zero deflection no greater than was achieved with
the variable camber IGV's. If, however, extrapolation of the fixed camber IGV.
loss data follows the dashed curve of Figure 52, as is suggested by experimental
data from lower solidities, the variable-camber design may show clear benefits
for extreme range requirements.

The capability of varying the IGV exit swirl over a range from 0° to
40° within acceptable loss levels was a principal objective in the choice
of the variable camber IGV profiles over cr-nventional rigid camber profiles.
Figure 52 shows that these IGV's may have demonstrated a somewhat greater
range within. loss levels double the minimum. than would- be expected from rigid
camber profiles, with a small increase in the minimum loss. If the wvariable
camber principle permits simplification of the inlet structure, this increased
loss may be acceptable.

e. CORRELATION OF STATOR LOSS CHARACTERISTICS

Stator loss data from all three standard vane schedules have been studied
in an effort to confirm the general applicability of correlations such as those
presented in Reference 11. The study led to conclusions about the influence of
Mach number on minimum loss and on incidence range within twice minimum loss,
which are summarized on Figures 53(a) and 53(b) for data at 50% immersion.
Within the scatter of the data, the loss level [Figure 53(a)] is about 50%
greater than would be predicted from Reference 11, independent of the Mach
number below 0.7. For data at 1107 corrected speed,the Mach number rises
above 0.7 and the loss level appears to increase. The usable incidence angle
range of approximately 25° in Figure 53(b) at low Mach numbers is typical of
results quoted in Reference 11. Typical results in Reference 11 show that
the low loss incidence angle range has decreased to 10° at 0.7 Mach number.

The data of Figure 53(b) show substantially less Mach number..sensitivity than
that.

The results of Figure 53 were obtained with the assistance of correlation
plots of data from the three vane schedules grouped accordiug to speed, Figures
54(a) - 54(c). Since these data scattered enough to prevent resolution of the
minimum loss coefficient within about *+0.01, & statistical type approach was
used. A least square polynomial curvefit was made for the data of each vane
schedule and each speed. A minimum loss was identified from the curvefit, and
supplemented by the two lowest-loss test points, in arriving at the data plotted

—
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In Figure 53(a). The '"best estimate" of the loss level appropriate to the
speed has been chosen as the arithmetic average. The standard deviation about
that average has been taken as one-third of the extreme range. This procedure
appears to allow an estimate of the minimum loss somewhat better than +0.005.
The incidence angle range of Figure 53(b) has been taken from the polynomial
curvefits and checked for consistency with Figure 54.

Figure 55 presents the stator lcss coefficlents at 90% immersion for the
three vane schedules together. At this immersion, it appears that there were
three distinct levels of loss coefficient profiles for the three vane schedules.
An examination of the stator wake profiles was made to determine if the impinge~-
ment of IGV vabes on stator wake profiles could have caused erroneous evaluation
of stator and rotor losses. Figure 56 shows the stator wake profiles at 50% and
90% immersions from three readings with IGV setting angles of 0°, 20%, and 40Q°.
The three readings were obtained at 70% speed at a constant throttle valve
setting, and the same 0° stator setting angle, with undistorted inlet flow.

Each stator wake rake covered two stator passages. The two wakes for each
reading at 507 immersions were of approximately equal depth, but the free.stream
levels between wakes are different, as if an IGV wake had affected the lower
free stream level. At 907 immersion, however, the depths of the wakes were
distinctly unequal, particularly at non-zero IGV setting angles, indicating

the likelihood of impingement of IGYV wakes on the stator wake rakes.. The
shallower wake would more likely be the true stator wake. The rotor exit/stator
inlet total. pressure at each immersion.was obtained from an arithmetical average
of the three highest readings from the corresponding l4-element wake rake and
the stator exit total pressure was obtained from a circumferential mass-average
of the enthalpy and the change in entropy between compressor inlet and the
stator exit planes. Impingement of IGV wakes on stator wake rakes thus would
cause erroneous evaluation of rotor and stater total pressure loss coefficients.
It is therefore believed that rotor locsses have been underestimated and stator
losses overestimated by small amounts, particularly at the hub, depending on

the sizes of the IGV wakes at different IGV turning angles.

The influence of the closure of IGV and stator on rotor tip and stator
hub loadings near stall can ba observed from Figures 57 and 58. The rotor
diffusion factor, static pressure rise coefficient and work coefficient at
5 and 10 percent immersions from tip are plotted versus weight flow from
the readings closest to stall at each speed and vane schedule in Figures
57(a) and 57(b). Similar plots of stator diffusion factor and. static pressure
rise coefficient at 90 and 95 percent immersions from tip are presented in
Figures 58(a) and 58(b). The weight flow was found to be a convenient
parameter to spread the data at the different speeds and was not chosen with an
implication of being the controlling variable. The rotor tip loading seemed
to reach the same limiting value at all speeds before stall at nominal vane
schedule. At off-design vane schedules, the maximum loading at the rotor tip
before stage stall was less than the limit loading defined by the 0° vane
schedule. The actual rotor tip loading neas stall descreased considerably with
increasing speed. The stator hub loading reached its highest values at the
lower speeds near stall with the off-design vane schedules, suggesting that
this loading could have been critical. However, the anemometer traces indicated
stall to be initiated always in the outer span of the rotor, contrary to the
expectation if the stator hub loading was the limiting parameter.
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3. PERFORMANCE WITH INLET FLOW RADIALLY DISTORTED. IN THE TIP REGION
a. OVERALL PERFORMANCE

Performance data. from tests with a radial inlet distortion pattern
covering the outer 40% of the annulus area were obtained at 70%, 90% and
100% of design corrected speed at the two IGV/stator schedules 0°/0° and
40°/8°,

The distortion screen used to produce the tip radial distortion was
shown in Figure 4. At 1007 design speed and with nominal vane schedule, the
severity of the inlet distortion pattern is indicated by the distortion
paramete: (P - P )y /B » equal to 0,172, Figure 59 shows the variation
of the distortidn pa%%géter £08%tadial (and also circumferential) inlet
distortions over the weight flow range at all speeds tested. These data were
calculated from overall.performance results with radial and circumferential
inlet distortions.

Task II Stage performance maps with radial inlet flow distortion for
the two IGV/stator_schedules are presented in Figures 60 and 61 respectively.
Performance of the stage with undistorted inlet flow is also included in
these maps for comparison. Figure 60 also shows comparable data with the
IGV's removed, taken from Reference 9. The distortion was responsible for
significant deterioration in peak efficiency, stall pressure ratio, and stall
margin at all speeds. The stall margin loss without the IGV's was slightly
greater than with them. The efficiency for the intermediate flow, 70% speed_.
point on Figure 61, is thought to be in error; the curve has been drawn for
consistency with trends under other conditions. At design speed and-nominal-
vane schedule, the radially distorted inlet flow caused a loss of 5.3 percentage
points in peak efficiency compared to that attained with clean inlet flow
and a drop in stall margin at the CTL condition from 0.135 with undistorted
inlet flow to 0.034 with radia .y distorted flow. At 70% speed and IGV/stator
schedule of 40°/8°, the stall s.argin at the CTL condition dropped from 0.203
with undistorted inlet flow to 0,181 with radial distortion.

b. COMPARISON OF STALL AERODYNAMIC LOADING IN RADIALLY DISTORTED INLET
FLOW WITH THAT IN UNDISTORTED INLET FLOW

The stage was stalled at 70%, 90%, and 100% design speeds at 0°/0° and
40°/8° vane schedules with radially distorted inlet flow. Hot wire anemometer
signals indicated that rotating stall initiated nearly simultanecusly at the
rotor tip and pitch and considerably later at the hub. This indicated that
the limiting loading parameters should occur in the outer 50% of the rotor
span.

Variation of aerodynamic loading, work input and total pressure ratio
with throttle valve setting at 57 immersion from tip is shown in Figure 62
for 100% speed, nominal vane schedule with undistorted and radially distorted
inlet flows. Figure 63 presents these parameters for the same cases at 10%
immersion from tip. The tip diffusion factor, pressure ratio and work input
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at stall obtained by extrapolating to stall DV setting were approximately the

same for both undistorted and radtally distorted inlet flows indicating that

it was not a significantly different rotor tip behavior which led to the

reduction in stalling pressure ratio with radially distorted inlet flow.

Figure 64 shows radial profiles of diffusion factor, work input, static

pressure rise coefficient and total pressure ratio near stall with undistorted

inlet flow and radially distorted inlet_flow at design speed and nominal vane

schedule. It is seen that the low pressure ratios in the lower half of the

span were responsible for the low average pressure ratio at stall with radial

distortion. The tip radial distortion screen caused higher hub axial velocities
. and lower tip axial velocities than with undistorted inlet flow, resulting in

high incidence angles at the tip and low incidence angles at the hub. This is

seen from Figure 65 which shows the variation of rotor incidence angles with DV
setting at 5, 10, 90, and 95% immersions from tip with undistorted inlet and
radially distorted inlet flows at nominal vane schedule. Figure 66 shows radial
profiles of rotor incidence angles for the near stall readings from undistorted
and radially distorted inlet flows at design speed and nominal vane schedule.
The considerable deviation of incidence angles from design value in the case of

radial distortion can also account for the loss in efficiency over the entire
speed line.

The variation of rotor diffusion factor, static pressure rise
coefficient, work input and rotor pressure-ratio with DV setting at 5% and 10%
immersions from tip is presented in Figures 67 and 68 for 70% speed, 40°/8°
vane schedule with undistorted and radially distorted inlet flows. Figure 69
shows radial plots of rotor diffusion factor, static pressure rise coefficient
and work input near stall for the two types of flows. The tip work input
and diffusion factor at stall, obtained by extrapolating to DV setting at
stall were approximately equal for both cases indiceting that the tip diffusion
factor was a reasonably consistent indicator of loading at stall. A compar-
ison with nominal vane schedule cases also shows that the tip diffusion R
factor generally reached a value betweer 0.5 and 0.55 at stall for both ‘
undistorted .and radially distorted inlet flows at both schedules tested,

c. INFLUENCE OF VARIABLE CAMBER INLET GUIDE VANES ON STAGE PERFORMANCE
WITH TIP RADIAL DISTORTION

L Consolidated stage performance maps for nominal and 40°/8° vane schedule
I with radial inlet flow distortion are presented in Figure 70. It is seen that
: with the 40°/8° vane schedule, both the pressure ratio-weight flow and the
’ speed-weight flow relationships along the stall line were changed. This
_ enabled achieving higher pressure ratio at stall than that attainabie if the
stall line had not changed as in the case of undistorted inlet flow. The
objective cruise operating condition of 54% (i22 lbs/sec) weight flow at
! 70% speed was achieved with the 40°/8° schedule with 18% stall margin while
:

with the nominal schedule, the compressor stalled before being throttled to
this condition.

’ 0
The influence of the variable geometry features on the key performance

parameters of the stage with radially distorted flow can be seen from Figures

71 through 74 which present the variation with speed and vane schedule of peak
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efficiency and efficiency, weight flow, stage pressure ratic. and stall-margin

at the CTL condition. The efficiency at the CTL condition and the correspond-
ing weight flow and pressure ratio achieved are higher at all speeds. at nominal.
vane schedule; however, turning the IGV to 40° appears to give a marked improve-
ment in stall margin at all speeds up to 100% speed where the compressor stalled
at peak efficiency for both vane schedules. This improvement in stall margin

is also evident from the performance maps. The efficiency, pressure ratio and
stall margin obtained from the chosen. cruising condition of_122 lbs/sec flow

at 70% speed are also shown in Figures 71 through 74.

The differences in efficlency and stall margin at the CTL condition
between undistorted inlet flow and radially distorted inlet flow are plotted
versus percent design rotor speed in Figure 75 for the two vane schedules. It
is seen that the 40°/8° vane schedule permitted a significant recovery of the
loss in the CTL efficiency and the stall margin that occurred at 90% and 100%
corrected speeds at the 0°/0° vane schedule with radial distortion. The
efficiency comparison at 70% is clouded by the uncertainty in distorted CTL
efficiency discussed in connection with Figure 61.

d. TRANSFER OF RADIAL DISTORTION BETWEEN STAGE -INLET AND STAGE EXIT
WITH AND.WITHOUT IGV/STATOR CLOSURE

The attenuation of the radially distorted ialet total pressure profile
through the stage is shown in_Figure 76 at maximum flow and near stall
conditions at 100% speed with nominal vane schedule and at 70% speed with
40°/8° vane schedule. The inlet distortion at the tip appeared in all_cases
as a region of low pressure.

At 1007% design speed and maximum flow with 0°/0° vane schedule,
Figure 76(a), the ratio of the distortion parameter at. the stage exit to
that at IGV inlet was 0.68 indicating that the attenuation of the distortion
was small. At the same speed and vane schedule, the distortion was attenu-
ated more near stall, Figure 76(b); the distortion parameter at the stage
exit was only 34% of that at stage inlet. The radial pressure profiles at
the 40°/8° vane schedule at 70% speed maximum flow condition, Figure 76(c),
showed that although the inlet radial distortion was strongly attenuated
behind the rotor, the distortion at the stator exit appeared as a region
of very low total pressure at the hub, The high deviation angles and
significantly low axial velocities at the hub at this station, indicate that
the distortion at the hub was caused by separated flow in the stator hub
region. Near stall, at the 40°/8° vane schedule, 70% speed condition, the .
very high rotor incidence angles and consequent high rotor total pressure
ratios at the outer span caused an amplification of the distortion parameters
at rotor exit to 1.67 times the value at stage inlet. However, this distor-
ticn at rotor exit, Figure 76(b), appeared as a region of higher than
average pressure at the outer span of the rotor. The distortior parameter
at the stator exit was 1.27 times the value at stage inlet, the distortion
still appearing as a region of higher than average pressure at the outer
span. High deviation angles and low exit axial velocities were observed near
the stator hub. .
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Radial profiles of total pressure at the inlet and exit planes to
the blade rows for undistorted inlet flow are also included in Figure 76
for comparison. The data presented are at maximum flow and near stall flow
at 100% speed with nominal vane schedule and at 70% speed with 40°/8° vane
schedule for comparison with radial distortion data obtained at similar
conditions. The values of the distortion parameters at the flow measurement
stations are plotted for these cases in Figure 77. The similarity of the
pressure profiles for both undistorted and radially distorted flows and the
nearly equal values of the distortion parameters at the stage exlit station
except in the case of maximum flow at 70% speed, 40°/8° vane schedule indicates
that the effect of radial distortion at the inlet to the front stage is minimal
on the subsequent stages. However in the case of 70% speed, 40°/8° vane
scherA~le, maximum flow, a flow separation at the stator hub resulted from
inlet + radial distortion; this can affect the performance of any
subsequent fan stage or the core compressor.

4. PERFORMANCE IN FLOW WITH CIRCUMFERENTIAL INLET DISTORTION

Performance data from tests with circumferential inlet distortion were
obtained at 70%, 90%, and 100% speeds at the two IGV/stator schedules of
0°/0° and 40°/8°. The distortion screen used to introduce the circumferential
distortion was shown in Figure 5. The screen covered a 90° arc of the inlet
annulus area at plane 0.10. Figure 59 shows. the variation of the distorticn
parameter over the entire weight flow range tested based on maximum
and minimum total pressures on the inlet disortion rakes with the center
of the distortion screen in the nominal position, 195° from top center.

a. OVERALL PERFORMANCE

The stage performance maps with circumferential inlet flow distortion
are shown on Figure 78 for the 0°/0° IGV/stator schedule and for an IGV-less
configuration (data from Reference 9) and in Figure 79 for the 40°/8° schedule.

Performance on the stage with undistorted inlet flow alsc is included for
comparison. The stage suffered significant losses in efficiency at the CTL
condition and stall margin from that condition at both vane schedules with
inlet circumferential distortion. There is no systematic difference between
the stall margin losses with and without the IGV's. Rotating stall was encoun-
tered at each speed and vane schedule. As in the case of radial distortion, the
rotating stall originated in the outer 50 percent of span. For the nominal
IGV/stator schedule at 100% design speed, the circumferential distortion
caused a decrease in stalling total pressure ratio to 1.66 from 1.78 obtained
with undistorted inlet flow. The peak efficiency was reduced 3.9 percent

due to circumferential distortion. At 70% speed and 40°/8° schedule, the

stall pressure ratio dropped from 1.22 with undistorted inlet flow to 1.21

with circumferential inlet flow distortion and the peak efficiency loss from
clean inlet flow was less than 0.5 percent.

b. INFLUENCE OF VARTABLE CAMBER INLET GUIDE VANES ON STAGE PERFORMANCE
IN FLOW WITH CIRCUMFERENTIAL DISTORTION

Comparison of Figures 78 and 79 shows that the weight flow and
pressure ratio penalties suffered due to circumferential distortion were
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less with the 40°/8° schedule than with the 0°/0° schedule. Consolidated

stage performance maps for 0°/0° and 40°/8° vane schedules with circumfer-
ential inlet distortion are presented in Figure 80. As in the case of
undistorted inlet flow, it is seen that the stall lines for the two vane
schedules maintained nearly the same pressure ratio~weight flow relatiomship.
The- speed-weight flow relationships, however, were different along the stall
lines enabling operation at lower weight flows at the. same speed.with 40°/8°
schedule than with nominal schedule. The stage peak efficiency and efficiency,
weight flow, stall pressure ratio and stall margin at the CTL condition at the
two vane schedules with circumferential inlet distortion are plotted versus
rotor percent design speed in Figures 81 through 84. The peak efficiencies were
nearly aqual at 707 design speed_with both vane schedules. The 40°/8° vane
schedule gave higher peak efficlencies at 90 and 100% speeds. At the CTL
condition, the stage efficiencies were equal for both 0°/0° and 40°/8° vane
schedules at 70% and 1007 speeds. The considerable decreases in weight flow

and pressure ratios at 40°/8° vane schedule should, however, be taken into 4
account while weighing the performances at the two vane schedules. For example,
although the 40°/8° schedule gave higher peak efficiency than the 0°/0° schedule
at 100% speeds, the weight flow and pressure ratic-at nominal schedule were

much closer to design conditions.

The objective cruising weight flow of 122 lbs/sec at 70% design speed
could not be achieved at mominal schedule before stall. However, at 40°/8°
schedule, this condition was achieved at peak efficiency, Figure 81(a), indicating
that, even with inlet circumferential distortion. the use of variable geometry
blading enabled operation at_the cruising condition with 83.5%7 efficiency and 21%
stall margin. It was mentioned in earlier sections that rhe 40°/8° vane
schedule. enabled efficient operation with adequate stall margin at cruising
weight flow and speed with undistorted and radially distorted inlet flows
also.

c, TRANSMISSION OF CIRCUMFERENTIAL DISTORTION THROUGH STAGE B

Some analysis of the persistence of the circumferential distortion
pattern through the stage is aimed at evaluating its suitability for use
in front of another fan stage or a core compressor. The suitability is
measured by the "distortion transfer'; stages giving substantial reduction
in the distortion amplitude are desirable.

v

It has seemed valuable to examine distortion transfer in terms of the
"distortion parameter"

P - P
max. min.
e C s
max. —.— ‘

DP =

and in terms of the '"Index of Distortion, Circumferential"

Pavg, immersion ~ Pmin., immersion

IDC =

Pavg, face
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The use of DP i1s conventional; this quantity is easy to evaluate and
explain. It does not, however, discriminate between local low pressure
regions, which demand high pressure ratio output of the blading with suscep-
tibility to local stalling, and local high pressure regions, which simply
unload the following blading. The IDC attempts to concentrate attention on
requirements for locally high performance of the blading.

Table VII summarizes distortion transfers, for the six test conditions
under which detailed performance measurements with clrcumferential distortion
were made. Using DP as the measure, substantial attenuation of the inlet
distortion is observed, after both rotor and stator, for most of the test
conditions., Two highly loaded test condit.ons showed preservation or amplifi-—
cation of the distortion through the rotor tip, and subsequent attenuation
to a satisfactory level through the stator. The remaining test conditions
showed substantial ttenuation through the rotor tip, with the reduced level
maintained through the stator. The rotor hubs seem to have tried to eliminate
the distorticn: in.the two test .conditions where DP did not decrease substantially,
the width of the low pressure zone is actually reduced. The stator hubs seem
to have stalled, with a consequent high loss returning the distortion level
close to the initial value.

Examination of the data in Table VII using IDC as the distortion measure
shows that substantial attenuations of the harmful distortion occurred through
the rotor in tip and mid span regions for all test conditions. The two cases
where DP does not indicate attenuation are cases where the rotor has actually
inverted the dirtortion, so that a potentially harmful pressure diffusion is
turned into a pressure mountain. The IDC concept supposes that this pressure
mountain will not produce adverse effects downstream. The message given by
IDC data about the hub .is the same as that inferred from DP data: that the rotor
hubs generally try to eliminate the distortion and the stator hubs help regene-
rate it, There is no conspicuous evidence of significantly different distortion
transfers as a result of the different variable geometry settings.

A closer examination of the data behind the distortion numbers, as found
in Figures 21-26 of Reference 8, reveals a number of features about localized
behavior of the blading, which are summarized quantitatively in Table VIII,
and numerically in Table IX. Table X presents some undistorted data from the
maximum-flow and near-stall ends of the appropriate speed lines, for convenient
comparison with the local values.

The rotor tries to compensate for distorted pressure profiles under most
of the operating conditions and at all immersjons. The tip region is especially
successful at this. The distortion profile is inverted. In the screen shadow
the rotor tip pressure ratio is 2,09 at 100% corrected speed with the 0°/0°
schedule, as compared with 1.85 maximum under undistorted conditions, and 1.60
at 1007% corrected speed with the 40°/8° schedule, a. compared with 1.52 undis-
torted. The rotor hub pressure ratio is 1.97 in the screen shadow at 100%
corrected speed with the 0°/0° schedule, as compared with 1.71 undistorted,
and 1.48 in the screen shadow with the 40°/8° schedule as compared with 1.36




undistorted. Undeyr the maximum flow conditions at 1007 corrected speed, most
of the inlet total pressure depression remains after the rotecr.. This appears
to be a consequence of the back pressure, low enough so that stator passages
choke over the. entire annulus, Then the back pressures have no effect

at equilizing rotor discharge pressures.

Among the test conditions, there are strong suggestions that either
stator choke or stator stall may be the dominant effect in determining the
distortion in the discharge pressure profile. Three of the test conditions
are-highly loaded and show evidence that stator hub sections stalled out in
the distorted sector, perhaps as a result of exposure to excessively high
tangential velocities when the rotor attempted to compensate for the distortion
profile, and returned the local total pressure to a distortion level comparable
to that at the inlet. Under other conditions the effects of stator choking
have been to throttle off the regions of high total pressure, leaving discharge
conditions much more uniform than the inlet conditions.

The results of the distortion transfer analysis suggest that a higher
stator stagger, or perhaps a larger hub camber, would have given more favorable
stage performance on and above the CTL line. It should be observed that the
stage matching analysis really demands a fixed trailing edge angle for the
stator of the first stage. Thus there is a potential application for a variable
camber. stator, such that the leading edge angle could be increased, relative
to the design for undistorted flow, to satisfy either stage matching or
distortion tolerance. requirements.

5. COMPARISON OF INFLUENCES OF RADIAL AND CIRCUMFERENTIAL DISTORTIONS AND
VARIABLE GEOMETRY BLADING ON STAGE PEAK EFFICIENCY AND. STALL MARGIN

The efficiencies and stall margins at the CTL condition obtained at
different speeds with the two vane schedules with radial and circumferential
distortion were discussed in earlier sections. This section presents a
direct comparison of the values of these parameters obtained with the two
types of distortion patterns and the two vane schedules. The comparison is
presented in Figure 75 in the form of differences in CTL efficiency and
stall margin between undistorted inlet flow and the particular type of
distortion. Significant results are seen in the figure. Compared to the
undistorted inlet flow, there was a greater loss in CTL efficiency and stall margin
at all speeds and vane schedules with radial distortion than with circumferential
distortion. Although the CTL efficiencies and stall margins at both vane
schedules were nearly equal at 707 speed with circumferential distortion (as
seen from Figures 81 and 84), Figure 75 shows that the losses in CTL efficiency
and stall margin due to circumferential distortion were less at the 40°/8° vane
schedule than at the nominal vane schedule. However, with radial distortion,
the 40°/8° vane schedule, at 70% speed contributed to a nearly 90% recovery of
the loss in stall margin that occurred at 0°/0° vane schedule though the loss
in CTL efficiency was highzr. The CTL efficiencies obtained with circumferential
inlet distortion at the 40°/8° vane schedule were nearly equal to those obtained
with undistorted inlet flow. In general, this figure shows that the use of
variable camber inlet guide vanes coutributes to reducing the losses in
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efficiency and stall margin that result from distorted inlet flows. It should
be emphasized, however, that considerable weight flow reductions occur when the
variable geometry features are used. This 1s seen.from Table XI which summarizes
the values of peak efficiency and efficiencies, weight flows-and pressure ratilos
at the CTL condition and at stall for the three types of inlet flow conditions
and the two vane schedules at 70, 90 and 100% design speeds. Comparable data

with the IGV's removed, taken from Reference 9, also have been included in
Table XI.
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V. CONCLUDING DISCUSSION

Task ITI of thls contract was carried out to investigate the efficiency
and stall margin potential.of a 1500 ft/sec tip speed stage, to develop design
methods and criteria for stages of this type, to evaluate the effectiveness
of variable-geometry inlet guide vanes and stators in improving part-speed
efficlency and weight flow range and to determine the effect of inlet flow
distortions on stage performance including tihe effect of the variable~geometry
blading on distortion tolerance. In addition, the Task II Stage was. designed
to operate at and above 1500 ft,sec tip speed with efficiency levels higher
than could be achieved by the 1400 ft/sec design tip speed Task I Stage.

Major results and ~onclusions are summarized below.

(i) The Task II rotor, which was designed with higher tip solidity, lower

camber and with smaller throat areas than the Task I rotor, achieved higher
efficiencies than the Task I rotor at speeds of 1500_ft/sec and above. The

peak efficiencies attained by the Task II and Task I rotors at 1500 ft/sec

tip speed were 0.868 and 0.859 respectively. At 1540 ft/sec, which is 110% design
speed of the Task I rotor, the peak efficiencies of Task IT and Task I rotors

were 0.864 and 0.845 respectively. Aithough the Task I.rotor had a slightly
greater stall margin at high speeds, both.rotors reached essencially equal levels
of tip static pressure rise coefficient at stall. The Task I rotor had

superior performance at part speed conditioms.

(ii) The design techniques used for the Task II stage gave reasonably satis-

factory results. The geometric angle of the flow induction surface of the

rotox blade was slightly too large in the tip region, leading to a 1% deficiency

in the flow below design intent. The tip throat area, at 95% of capture area,
deliberately small by the .urrent standards was large enough for establishment

of the desired oblique shock pattern at the design point. The test data give

no direct indication on how much smaller the throat area could have been without
sacrificing the oblique structure. Data analysis identified hub and tip regions

as areas for potential improvement of performance by reduction of losses, but without
suggesting any specific design changes to accomplish the result.

(iii) The deviation angles at the outer half of the rotor were less than
predicted by the design. It appears that the design method, which consisted
of application of Carter's Rule for circular-arc meanline blades to equivalent
constant~radius, constant-axial-velocity cascade sections underestimated the
ability of this type of blading to deflect the air stream. Although it is
likely that the lower-than-predicted deviaiion angles were the result of
deflections produced by trailing edge shocks, the data obtained in this
investigation were not sufficient to confirm this. Deviation angles for the
inner half of the rotor were close to the design prediction.

(iv) Rotor tip static pressure survey data indicated that at 90% design
speed, it was not possible fo~ the leading edge normal shcck to become oblique
even at open throttle, low back pressure conditioms. At 100% speed, for
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high back pressure near-stall operation, the leading edge shock was normal

to the flow but was. located at the passage inlet. The oblique leading edge
shock structure was established at lower back pressures at design speed. The_
leading edge shock was oblique at all back pressures at 110% design speed.

(v) A comparison of stator loading, deviation angle and loss levels with
design intent showed that the stator design rules were adequate and that
design intent had generally been met.

(vi) The objective off~design cruise condition of 54% design weight flow at

707% design speed could not be achieved at zero IGV turning before the onset of
stall. However, an IGV turning of 40° and a corresponding stator setting of 8°
enabled this condition to be realized with 83.7% efficiency and 18.5% stall
margin with undistorted inlet flow. The use of the variable.camber 1GV at non-
zero settings did not alter the stalling pressure ratio-flow.relationship.
However, it did alter the flow-speed and pressure ratio-speed characteristics
of the compressor and thus provided-flexibility of operation at off-design flow
and speed conditions. The IGV losses were slightly higher than would be
expected from a fixed camber, variable stagger vane row over moderately wide
ranges of setting angle and inlet Mach number, but remain tolerable for

greater closures.

(vii) An analysis perform:.d to match a hypothetical second stage at 70%
design speed to the Task II stage with undistorted inlet flow showed that
the operating weight flow rarge (corrected to IGV inlet conditions) of the
hypothetical two-stage fan increased 44% and 54% with IGV/Stator-schedules
of 20°/4° and 40°/8° respectively ccmpared to that at the 0°/0° nominal
schedule.

(viii) Radial inlet flow distortion caused considerable losses at all speeds
in stage peak efficiency, stall pressure ratio and stall margin. At design
speed and nominal vane schedule, the radially distorted flow caused a drop of
5.3 percentage points in peak efficiency and a drop in stall margin at the CTL
condition from 0.135 with clean inlet flow to 0.034 with distorted inlet flow.
Removal of the IGV caused an additional 0.02 drop in stall margin. Rotor

tip aerodynami.: loading at stall with radial distortion was approximately

the same as that reached at stall with undistorted inlet flow. Low press.re
ratios in the inner half of the rotor span caused low average rotor total
pressure ratio at stall with radially distorted flow. Tip radial distortion
caused high hub axial velocities ani low tip axial velocities compared to design
intent. The consequent .departure of incidence angles from design value caused
high losses in efficiency over the entire speed line.

(ix) The attenuation of the radial distortion at nominal vane schedule

at maximum flow at 100% speed was small. However, the radial distourtion

was strongly attenuated at the near-stall condition at the same speed and vane
schedule.

(x) The 90° one-per-rev circumferential distortion caused less loss in
peak efficiency and stall margin than did radial distortion. At 100% speed,
nominal vane schedule, the peak efficiency loss due to circumferential
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distortion (relative to the undistorted inlet flow case) was 3.9%. At any
given weight flow, the total pressure ratio in the case of flow with. circum~-
ferential distortion-was less than that achieved with undistorted inlet flow.

(xi) At nominal vane schedule, the circumferential inlet distortion was.
attentuated between 40 and 60 percent at stage exit at the tip and pitch
sections. At the hub, however, there was little attenuation: the ratic of
distortion parameter, defined as (P - P )/P , at the exit to that
at inlet was between 82 and 99%. ?ngoormggtentgg¥ion at the hub resulted

from flow separation in the stator hub region.

(xii) The variable camber IGV with inlet distortion present enabled

operation of the stage with apparently adequate stall margin at the cruise
condition of 54% flow and 70% speed. With tip radial distortion, the 40°

IGV setting provided improved stall margin from the reference constant throttle
line condition, with a small_sacrifice in peak efficiency.

(xiii) The radial distortion at the 40° IGV setting, near.stall condition at
707 speed was over-—attentuated between the stage inlet and the rotor exit
resulting in higher-than-average total pressures_at the tip region. at. rotor
exit. This was due to the normally steep pressure-vs.-flow. characteristic of
the rotor tip region, which overshadowed.the relatively mild_tip distortion
in determining the near-stall discharge pressure profile. .-

(xiv) Operation of the stage at the 40° IGV setting with inlet circumferential
distortion, at 907 and 1007 design speeds, provided slightly higher peak
efficiency and stall margin than operation at the 0° IGV setting. At 70% design
speed with inlet circumferentiai distortion, the peak efficiencies and stall
uwargins at the 0° and 40° IGV settings were n2arly equal. The cruise condition
of 54% weight flow at 70% speed was achieved with 21% stall margin at 40°

IGV setting with circumferential distortion. The stall line for both 0°/0°

and 40°/8° vane schedules maintained the same pressure ratio-weight flow relationship.
The speed-weight flow relationships, however, were different along the stall lines

enabling operation at lower weight flows with added stall margin at the same
speed with the 40°/8° vane schedule than with the nominal vane schedule,

(xv) Use of variable geometry blading had little influence on the ability
to attenuate circumferential inlet flow distortion.
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APPENDIX A
SYMBOLS
Symbol Description Units
Annulus. or streamtube area inhz_
C Chord length of cylindrical section in.
Ch Enthalpy - equivalent static pressure rise
coefficient
=L 11 - (w?.y?
Zchtl [(E%)Y l] (U2 Ul)
P
c = 1
h V“z
1
Cp Static pressure rise coefficient, —— -
P
c =22 F1
P P TPy
cp Specific heat at constant pressure Btu/1b-° R
D Diffusion factor: ——
A
5 .2, Be”nla i
rotor Vi 2% V! ’
r O 1 \i
N I ALY Sl MY
stator Vl 27 o V
1
P - P
DP Distortion Parameter = _m_ax_f}__mi._n__
max.
2
g Acceleration due to gravity 2.174 ft/sec
i Incidence angle, difference between flow Degrees
angle and camber line angle at leading edge
in cascade projection
ibc Index of Distortion, Circumferential =

Pavg, immersior Pmin., immersion

avg, face
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Symbol

Rl ™ O =R G
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SM
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Description

Mechdanical equivalent of heat
Mach number

Rotational speed

Total or stagnation pressure
Static pressure

Radius

Mean radius, average of streamline leading-
trailing edge radii

Spacing between blades

<P1.51>
Py.05

Stall Margins —

for Rotor, SM =

W W
8 Stall §
- \
(2_-2' > ( B2 )
P P
for Stage, SM = A0.40/ 1 0.40
w6 we
8 Stall 5

Total or stagnation temperature .__
Airfoil thickness

Afrfoil maximum thickness

Rotor speed

Air velocity

Weight flow

Displacement along compressor axis

Flow angie, angle whose tangent is the ratio
of tangential to axial velocity

Alr turning angle, AR = Bl - 82

Blade-chord angle (stagger), angle in
cascadz projection between blade chord
and axial direction

Ratio of specific heats
Angle of flow deflection across oblique shock

CIL

Units

778.161 ft-1b/Btu

RPM
PSIA
PSIA
in.

in.

in.

° R
in.
in.
ft/sec
ft/sec
lbs/gec
in,

Degrees

Degrees

Degrees

Degrees
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Symbol Description
§° Deviation angle, difference between flow angle
cambeir iiue aungle 2t tvaliling edge in cascade
projection
Pactual
5 actual
Pressure correction, 14.696 psia
Are Circumferential displacement about compressor
axis, Figure 1(c)
e® Slope of meridional streamline
Tactua1
: 0 Temperature correction, $18.7 ° R
n Efficiency
k® Angle between tangent to blade.meanline and the
axial direction
o} Solidity, ratio of chord to spacing
®° Camber angle, difference between.angles in

cascade projection of tangents to camber- -
line at extremes of camberline arc

Flow coefficient
Work coefficient, chp AT/U21

El « ©

Total pressure loss coefficient
1 _P'
- Psa Py

Rotor, w' = P - o °

1~ P

Stator _ Pl - P2
and w = T

6V Pp-p
w Cos 82

20 Total Pressure Loss Parameter

Calculated shock wave angle measured from
zal upstream flow direction

OB e

§ . .
Y R IR e e g D v = N ———

Units

and.___Degrees

in.
Degrees _ J

Degrees

Degrees

Degrées
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Subscripts

a
ad

an

b

cor

CTL -

[l
(=N

Z 8

[x]

.01, 0.18
.95, 1.0, 1,51,
6, 2.20

OO N H O @ N

Sugerscrigts

1

*
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Description
ahead of shock (Table VI)
Adiabatic
Annulus
behind shock (Table VI)
Corrected to unity axial veloclty ratio

on a Constant Throttle Line through design stage
pressure ratio at design speed, nominal vane
schedule with undistorted inlet flow.

Edge of biade

Flap porticn of Inlet Guide Vane
Ideal

Immersion

Meridional direction

Nose portion of Inlet Guide Vane
Tip at Station 1.0

Axial direction

Tangential direction
Corrected_to zero inlet swirl
Leading edge

Trailing edge

Measurement station designations .(Figures 6, 7)

Relative to rotor

Corrected to standard atmospheric or irdicated
condition.
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Table I. Summary of NASA Task II Stage Design Specifications.

Rotor inlet corrected tip speed,_ft/sec 1500
Stage inlet corrected weight flow, lbs/sec 226.0
Stage total-pressure ratio 1.659
Stage adiabatic efficiency 0.854
Number of inlet guide vanes 24 1
Inlet guide vane total-pressure loss, 0.37

percent inlet total pressure 1
Inlet- guide vane exit flow angle, degrees 0 4
Rotor inlet tip diameter, inches 36.5
Rotor inlet hub/tip radius ratio » 0.5 4
Rotor. inlet corrected weight flow per 41,62

unit annulus area, lbs/sec-sq ft 1
Rotor inlet tip.relative Mach number 1.526. .%
Rotor tip diffusion factor 0.368 1
Rotor total-pressure ratio 1.686 i
Rotor adiabatic efficiency 0.883 )
Rotor tip solidity 1.4 |
Rotor aspect ratio 2.36 :
Number of rotor blades 44 N
Stator inlet hub absolute Mach number 0.766 ’
Stator exit flow angle, degrees 0
Stator hub diffusion factor 0.435
Stator total-pressure loss, percent 1.22

stator inlet total pressure
Stator hub solidity 2.155

) Stator aspect ratio 2,065
i%a Number of stator vanes 46
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Tabkle Vv, Major Instrumentation List for Task II S age Testing.

(a). Undistorted Inlet Flow Tests
N Shakedown Undistorted
Shakedown ) Performance Inlet Flow
Location Stall.Test Test Tests
<
0.01 6 7-element
Vehicle P, p rakes I r
Inlet 24 .T.t/e's
D 0.95 7 l4~element
= Rotor P wake rakes
N Inlet
1 p, B wedge #
o [ T
probe with C.T.%.
1P, T,p, "
combination probe .
with C.T. #*
1.51 1P, 7T, B [|#
Stator Cobra Probe} - -
Inlet .
) 1.p wedge probe # j
3 hot wirel# = i"
probes }
2.20 7 l4-element
Stage B, T wake — e Y
Exit rakes 1
1l p, Bwedgel # i
probe )
* C.T. = Circumferential Traverse capability
i
# Radial Traverse probes ‘
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Table V. Major Instrumentation List for Task II Stage Testing (Concluded).
(b). Distortion Tests

Location Instrumentation

0.01 6 7-element pitot-static rakes

Vehicle 24 total-temperature thermocouples

Inlet

.

0.18 2 7-element total pressure distortion rakes

Stage 1 4-parameter combination probe (total temperature

Inlet and.pressure, static pressure, flow angle) .

0.95 1 4-parameter combination probe with circumferential

Rotor traverse capability

Inlet
47 1.51 1 4-parameter combination probe : 1
" Stator 3 hot-wire probes
5 Inlet

2,20 7 l4-element wake rakes (total temperature and pressure)

Stage 1 4-parameter combination probe

Exit
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Ta

ble VI, Rotor Tip Leading Edge Shock Studies,

Reading 137 139 141 132 134 144 169
Figure 19(a) | 19(b) 19(c) 19 (d) 19(e) 19(L) | 19(g)
Type A A B c - B c B c A A
P, 11.0 10.8 11.2 1.2 —— 11.0 11,0 10.0 10.0 0.6 11.6
Py 18.0 20.0 28.13 23.0 - 23.8 19,2 23.9 28.6 14.4 21.8
§ Pp/Pa | 1.636 |1.85 [2.53 |2.05 -~- 12,16 |1.75 | 2.39 [2.86 | 1.74 |2.05
bE P 42.77 142,98 | 42.43 | 34,65 | ~--- |35.65 | 28.7 | 35.73 | 48.2 | 51,42 |51.44
‘;’, M, 1.54 1,056 1.52 1.38 —— 1,41 1.28 1.18 1.61 1.69 1.63
g G%a1 | 53.5 |68.0 |[--- - Lo L ~—- —— - 49,0 |49.0
@MYy, 1.18 |1.08 |o0.69 |0.75 -=- |0.735 ] 0.8 0.71 | 0.67 | 1.205 | 1.07
a Py 42.5 [41.6 [39.1 [33.4 --- {34.0 |29.,2 |33,5 |38.5 | 50.52[49.48
a° 9.5 12,0 |-~-- -—- N R -—- - - 1..0 |14.0
C°tig | 58.0 |59.4 |--- m—- == | === - - - o= ——-
Type A A B o] A B [o} B c A A
Pa 11.0 11.6 10.6 10.6 10.6 11.0 8 10.0 1.0 10.0
Pb 17.0 18.0 28.3 20.0 20.0 20.0 'E 19.0 16.4 18.0
Pp/Py | 1.545 [1.55 [ 2.67 1.89 | 1.89 1.82 a 1.9 1.49 |1.8
% P"1 42.77 |42.98 | 42.43 | 30.6 42,43 30.7 E 28.8 51.42 | 51.44
g Mty 1.54 |1.50 |[1.56 | 1.33 1.56 1.30 § 1,33 [1.66 |[1.73
f,é.’. 0%y | 51.7 |853.5 |[=~-= -m= | 58.5 B --- :- o | 4s.6 |48.8
= My 1.225 [1.175 | 0.68 | 0.77 | 1.06 g 0.78 o 0.77 | 1.385 | 1.31
Py 42.6 142.7 |38.6 |29.8 |40.6 E 30.0 S 28.1 | 51.11 | 50.41
a® 8.6 (8.5 |~ |~= [12.3 | 4 |- | & V|- |80 [11.75
E 2]
Type A A A o} ] 2, c B [¢} A A
-~ a
Py 9 8.6 8.0 8.0 8.0 8 11.0 | 11.8 |11.8 | 8.0 7.2
Py 13 15.0 |21.0 {21.0 }21.0 2 22.2 | 23.7 [18.0 | 14.0 |18.5
§ Py/Py | 1.44 |1.75 (2.63 [2.63 |2.63 % 2,02 |2.01 |1.61 | 1.555 |2.57
";_' P'y 42.77 |42.98 | 42.43 | 31.6 42.43 « 33.6 35.73 | 29.8 51.42 { 51.44
a MYy 1,675 |1.71 |1.75 |1.556 | 1.75 1.37 |[1.37 ;1.23 | 1.8 1.94
§ 0%ca1 | 44 48.5 |61.7 | === - ——- ——- ——— 42.6 |[45.2
E My 1.42 [1.31 [1.0 0.684 | 1.04 0.75 | 0.76 |0.82 | 1.485 | 1.265
@ P“b 42.6 42.1 39.8 28.8 41.6 32.4 34.5 29.45( 50.96 | 49.51
a’ 7.35 11.0 17.8 - 0 fadated —— fatated 8.7 13.9
1
Type A: Oblique shock on meridional stream surface. Relative total pressure upstream
from blade element data, Static pressure downstream from isobar plot.
Type B: Normal shock on meridional stream surface. Relative total pressure upstream
from blade element data. Static pressure downstream from ghock calculated.
Type C: Normal shock on meridional stream surface. Static pressure downstream from
isobar plot. Relative total pressure upstream calculated.
Type D: Incident and reflected oblique shocks on meridional stream surface, Relative
total pressurc upstream from blade element data. Static pressure downstream
of reflected shock from isobaer plot. Equal shock deflections.
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(a) Photograph at 0° (Nominal) Setting Angle

Figure 1. Views of Variable Camber Inlet Guide Vanes.
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Figure 1.

(b) Photograph at 40° Sctting Angle

Views of Variable Camber Inlet Guide Vanes (Continued).
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Figure 2, Photograph of Rotow,
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Photographs of a Variable-Stagger Stator Vane,

Figure 3,
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Figure 21. Rotor Blade Element Data for iGV/Stator Schedule 0°/0°;
Undistorted Inlet Flow (Continued).,
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(a) Peak Efficiency Versus Tip Speed

Figure 24. Comparisons Between Task II Rotor at 0°/0° Vane Schedule
and Task I Rotor; Undistorted Inlet Flow.
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Figure 24. Comparisons Between Task II Rotor at 0°/0° Vane Schedule
and Task I Rotor; Undisorted Inlet Flow {(Continued).

105




106

Corrected Weight Flow, Lbs/Sec

240
HEEREREERRNER |
| At
| Peak At
Eff, Stall

220 {+—

| | Task I Rotor 0 N ——

Task II Rotor Q) ® —
200
180
160
140
120 Ej
//
/)
7
100 /,
/)
/,
80 l
600 800 1000 1200 1400 1600 1800

Tip Speed, Ft/Sec

(¢) VWeight Flow at Stall and at Peak Efficiency
Versus Tip Speed

Figure 24. Comparisons Between Task II Rotor at 0°/0° Vane Schedule
and Task I Rotor; Undistorted Inlet Flow (Concluded).
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Figure 25. Variation of Task I and Task II Rotor Diffusion Factors
with Throttle Valve Setting; 100% Speed, Undistorted
Inlet Flow
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Figure 25. Variation of Task I and Task II Rotor Diffusion Factors |
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Inlet Flow (Continued).
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Figure 56. Typical Stator Wake Profiles at 70% Speed, Constant
Throttle Valve Setting with Undistorted Inlet Flow;
IGV Setting Angles 0°, 20°, and 40°, Zero Stator
Setting Angle.
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